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Within this dissertation are three main areas of method development. The first area is focused on green 
chemistry; developing a microwave-assisted amidation method, but primarily concentrating on 
oxoammonium salt mediated oxidation chemistry. This oxidation chemistry has involved a systematic study 
of the oxidation of terminal diols, the development of a protocol which utilized a reduced form of the 
oxoammonium salt in a catalytic manner, and the investigation of the effect of the counterion on these 
oxidations. Secondly, based on previous work performed by collaborators, the preparation of novel selenium 
monoxide transfer reagents and the attempted cyclization reactions using those reagents is reported. Finally, 
a method for the trifluoromethylation of indoles using an organic photocatalyst was developed. Though this 
method had its challenges, the experimental work was combined with a computational study to support the 
observations.
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Chapter 1 Green Chemistry: Oxoammonium Salt Mediated Oxidations 
1.1 Introduction to Oxidations 
Some of the most widely used transformations in a chemists’ toolbox are oxidation reactions. 
Oxidation is a net two-electron process that is often broken down into a series of one-electron 
events and is one of the most fundamental transformations in organic chemistry. From a 
preparative chemistry perspective, oxidation reactions are widely used for installing valuable 
functional handles or fragmenting complex structures and, given its importance, significant 
research effort has been focused on developing both stoichiometric1–3 and catalytic oxidation 
methodologies.4–8 Well known named oxidations such as the Jones,9 Swern,10 Dess-Martin,11 and 
Oppenauer12 oxidations, among numerous others, are effective at achieving oxidations, however 
these techniques tend to use heavy metals, use or produce toxic reagents, and may not be able to 
be regenerated. To circumvent these limitations, there has been significant effort focused towards 
developing metal free, recyclable, and more cost-efficient oxidants. 
1.2 Introduction to Oxoammonium salts 
One main focus area of the Leadbeater group has been on the development and enhancement 
of oxoammonium salt oxidants, and for the sake of brevity, though there have been many 
advancements by many labs, the focus here will be on what the Leadbeater lab has done. These 
oxidants are derivatives of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), are environmentally 
benign, recyclable, metal-free species that can facilitate oxidation under extremely mild 
conditions.1,13–15 As such, they have gained popularity as alternatives to more traditional oxidizing 
reagents and are among the most widely used on industrial scales.15–23 In our group we have 
focused particular attention on the use of oxoammonium salt 4-acetamido-2,2,6,6-
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tetramethylpiperidin-1-oxoammonium tetrafluoroborate salt (Bobbitt’s salt, 1, Figure 1), for 
affecting a diverse range of oxidative transformations.  
 
Figure 1. Structure of Bobbitt's salt, 1. 
Bobbitt’s salt is also cost efficient as an in-house preparation can yield around 250 g for less 
than $1 per gram, utilizing a green procedure published in 2013 by Bobbitt, Leadbeater, and co-
workers.13 This synthesis (Figure 2) starts by the N-protection followed by oxidation of 4-amino-
2,2,6,6-tetramethylpiperidine to form 4-acetamido-(2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (2, 
ACT). This disproportionates (explained below) in the presence of tetrafluoroboric acid, forming 
both 1 and hydroxyammonium salt 3. Addition of bleach oxidized 3 to 1. This procedure is 
performed in water, which 1 is sparingly soluble in, allowing for the salt to be isolated by filtration 
in high enough purity that no further purification is necessary. 
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Figure 2. Synthesis of 1. 
This particular derivative was reported by Professor Emeritus James M. Bobbitt in 1998 for 
the oxidation of alcohols to the corresponding carbonyl compound (Figure 3).2 These conditions 
utilized silica gel, which maintained the reaction at a slightly acidic pH. While these conditions 
were effective for most alcohols, substrates containing oxygen β to the alcohol, or those with α-
trifluoromethyl groups were resistant to oxidation under these conditions. In 2012, the Leadbeater 
group became interested in Bobbitt’s salt for the α-oxidation of 1,3-cyclohexanediones.24 
Interestingly, they found that not only did the α-oxidation occur, but the oxidation was joined by 
alkene generation to form ene-triketones. From here, they then wanted to explore the possibility 
of using Bobbitt’s salt for the oxidation of α-trifluoromethyl alcohols to trifluoromethyl ketones 
(TFMK).25 They found that by using a pyridyl base instead of silica, the conditions, now at a basic 
pH, could indeed oxidize these alcohols, opening a new avenue of research. During this project, 
they found a minor product of the α,β-unsaturated TFMK. Using the same basic conditions, they 
were able to optimize the reaction for the dehydrogenated product.26 
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Figure 3. Oxidation reactions involving Bobbitt's salt. 
They continued to research oxidations under basic conditions by collaborating with Dr. Bobbitt 
to study the oxidation of β-oxygen containing substituents under the basic conditions.27 The main 
drawback of this method is the need to use two equivalents of the oxidant to oxidize one equivalent 
of alcohol. The reason for this is the process of comproportionation/disproportionation that 
TEMPO derivatives undergo (Figure 4).15 Under acidic conditions, two equivalents of 2 
disproportionate to 1 and 3, while under basic conditions 1 and 3 will comproportionate, forming 
two equivalents of 2, thus under basic oxidation conditions, one equivalent of the salt will 
comproportionate while the second equivalent is available to oxidize the desired alcohol. 
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Figure 4. Comproportionation/disproportionation. 
Despite this problem, conditions using pyridyl bases were found to favor oxidative 
functionalization reactions as well (Figure 5). An aldehyde, in the presence of pyridine and 
hexafluoroisopropanol (HFIP), was found to undergo an oxidative esterification to form 
hexafluoroisopropyl esters.28 In another project, Leadbeater and co-workers found that by using 
HMDS, they were able to convert of aldehydes to nitriles.29 Drawing inspiration from the Bailey 
group,30 oxidative cleavage of three different classes of ether was also reported: allyl ethers,31  silyl 
ethers,32 and cyclic ethers.33 
 
Figure 5. Oxidative functionalizations and cleavages using Bobbitt's salt. 
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The mechanism of oxoammonium salt oxidations for both acidic and pyridyl-base assisted 
conditions is thought to involve hydride transfer in both cases,34 reducing to 1 to 3, under acidic 
conditions, and 2 under basic conditions (Figure 6). This mechanism is also thought to be in 
operation in a range of oxidative functionalization transformations employing 1.29–31,35–39 As 
mentioned earlier, both reduced variants can be recovered from reaction mixtures and oxidized 
back to the oxoammonium salt, though 2 must undergo two one-electron oxidation steps while 3 
only requires a single one-electron oxidation.  
 
Figure 6. The interplay between nitroxide, oxoammonium, and hydroxyammonium species. 
By understanding this mechanism, researchers have begun to couple 2 with other one-electron 
oxidants to develop catalytic oxidation methods. In the Leadbeater lab, we have begun to venture 
into photochemistry by coupling 2 with tris(2,2′-bipyridine)ruthenium(II) hexafluorophosphate 
(Ru(bpy)2(PF6)2).
40–42 This photocatalyst absorbs light at 420 nm (blue), which allowed us to make 
cost efficient photo-reactors using LED lights placed inside recrystallization dishes. With this 
method, our lab has explored three different oxidative methods: oxidation of alcohols (both 
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fluorinated and non-fluorinated),42 oxidative amidation40 and conversion of aldehydes to nitriles 
(Figure 7).41 
 
Figure 7. Photo-mediated oxidative transformations using ACT. 
1.3 Oxidation of Terminal Diols 
More recently, our attention has turned to the stoichiometric oxidation of terminal diols using 
1. Unlike simple alcohols, in addition to oxidation to the corresponding dialdehyde, there is the 
possibility for oxidative lactonization or intermolecular acetal formation. While there is precedent 
for two of the three pathways when using analogs of 1 stoichiometrically43 and for lactonization 
when performing the reaction catalytically,44–54 there has not been a systematic study. We report 
such a study here, probing the reaction chemistry of diols of carbon chain length 2-10. To highlight 
their synthetic utility, we also perform a range of transformations on the oxidation products.  
We started our study by probing the reaction chemistry of terminal diols with chain lengths of 
7-10 carbon atoms and using reaction conditions analogous to those employed for the oxidation of 
simple primary alcohols. Results are shown in Table 1. To carry out the oxidation of both alcohol 
functionalities, the quantity of oxidant was doubled. The reactions were performed at room 
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temperature and have the advantage of being colorimetric since the oxidant 1 is bright yellow in 
color while the spent oxidant 3 is white. Reactions took 24-72 h to reach completion. In each case 
the only oxidized product obtained was the corresponding dialdehyde in 64-84% yield (Table 1, 
entries 1-4). This approach compares favorably with the relatively few alternatives currently in the 
literature where oxidants such as Dess-Martin periodinane,55,56 hexavalent chromium 
complexes,57–61 or Swern conditions62–65 are employed. Even when nitroxides are used 
catalytically in conjunction with metal salts66 or hypervalent iodine compounds67 for these 
reactions, yields do not match those obtained using our approach and complex product mixtures 
are obtained. 
We moved next to diols containing a hydrocarbon linker of 4-6 carbon atoms. These substrates 
have received the most attention previously. In the case of 1,4-butanediol and 1,5-pentanediol, 
lactonization is reported to occur when using 4-methoxy-TEMPO+ chloride, as a stoichiometric 
oxidant.43 The same is true when TEMPO-based nitroxides are used in catalytic variants of the 
reaction.44–54 Our results employing 1 as a stoichiometric oxidant also bear this out (Table 1, 
entries 6 and 7). When using 1,6-hexanediol we obtain a mixture of lactone and dialdehyde 
products (entry 5). This differs in outcome from both the stoichiometric use of 4-methoxy-
TEMPO+,43 and a Cu/TEMPO catalyst system.44 In the case of the former, lactone product 5e is 
detected only as a trace, and in the latter only a 22% yield of 5e is obtained, along with 11% of 4e 
and 25% of the monoaldehyde intermediate. 
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Table 1. Oxidation of diols using 1.a 
 
Entry n 4 5 Reaction time (h) 
1 8  
4a (76%)b 
- 48 
2 7  
4b (83%)b (88%)b,c 
- 48 
3 6  
4c (84%)b 
- 24 
4 5  
4d (64%)b  
- 36 
5 4  
4e (26%)d 
 
5e (64%)d 
48 
6 3 - 
 
5f (82%)b 
72 
7 2 -  
5g (61%)b (63%)b,c 
48 
a Reactions were performed on a 10 mmol scale using 1 eq uiv. diol, 2.1 equiv. 1 , 2 weight equiv. 
silica gel to substrate, and were performed at 0.1 M in DCM. b Isolated yield. c Reaction performed 
under basic conditions (employing 2,6 -dimethylpyridine as base) and run for 2 h. d Conversion 
assayed by 1H-NMR spectroscopy.  
Since there are some circumstances where the use of silica gel is not preferred or when shorter 
reaction times are sought, we decided to screen representative diols under base-mediated 
conditions. Employing 2,6-dimethylpyridine as the base of choice, and using reaction conditions 
optimized previously for monoalcohols,3,25,68 we were able to obtain almost identical product 
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yields in the cases of 1,4-butanediol and 1,9-nonanediol; the product being the lactone in the case 
of the former and the dialdehyde in the latter (Table 1, entries 2 and 7). The reactions were 
complete in two hours. A superstoichiometric quantity of 1 is required in these reactions because, 
in the presence of base, the hydroxyammonium byproduct 3 initially formed undergoes a 
comproportionation reaction with a further aliquot of 1 to generate two equivalents of the 
corresponding nitroxide. Thus, a sacrificial equivalent of 1 is required in order to affect complete 
oxidation of the alcohol substrate. 
The final two diols that formed part of our study were 1,2-ethanediol and 1,3-propanediol. 
When using a 1:1 stoichiometric ratio of diol to 1, polymeric products were obtained. However, 
when halving the quantity of 1 used, acetal products 6 and 7 were formed in good yield (Figure 
8). We postulate that monoaldehyde intermediate 8 is formed and that this can be readily 
protonated by the spent oxidant, 2. Once protonated, 8 reacts with remaining diol starting material 
forming the observed acetal products (Figure 9). This method is effectively able to differentiate 
one alcohol group from another, leaving the remaining hydroxyl moiety open for further 
functionalization. The acetal could then be cleaved using existing methods, unmasking the alcohol. 
 
Figure 8. Oxidation of 1,3-propanediol and 1,2-ethanediol using 1. 
The importance of our route to 6 and 7 comes from the great difficulty preparing these 
compounds using other methods reported in the literature. Previous approaches involve either 
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multiple steps,69–75 elevated temperatures together with metal catalyst combinations,76 or yield 
mixtures of multiple products.77–79 Our methodology allows for the preparation of these versatile 
synthetic intermediates in one step from cheap, readily available starting materials. 
 
Figure 9. Proposed rationale behind the formation of acetal products 6 and 7. 
In each case discussed here, isolation of the oxidation product is simple. Oxoammonium salt 
1 is soluble enough in dichloromethane for the reaction to take place (0.1g / 100 mL). On the other 
hand, the reduced oxidant 3 is essentially insoluble in dichloromethane (0.01 g / 100 mL). This 
means that separation of the desired product from the spent oxidant and silica gel at the end of the 
reaction requires a simple filtration. The filtrate can then be taken on to a subsequent reaction. To 
illustrate this point, we performed four representative post-oxidation reactions (Figure 10), the 
first of which was an intramolecular aldol condensation of the dialdehyde product 4c derived from 
1,8-octanediol. After oxidation of the alcohol, we filtered the reaction mixture and added L-proline 
to the filtrate before heating at reflux for 2 days. The desired α,β-unsaturated cyclic product, 9, 
was isolated in 52% yield over both steps. We next performed a Wittig reaction on the dialdehyde 
product 4b derived from 1,9-nonanediol by adding the filtrate from the oxidation to a diethyl ether 
solution of methylenetriphenylphosphorane, prepared in-situ from methyltriphenylphosphonium 
bromide and sodium t-butoxide. The diene product 10 was obtained in 86% yield over both steps. 
In a third example, a Grignard reaction between 4a and methylmagnesium chloride yielded 2,11-
dodecanediol, 11, in 89% yield. 
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Figure 10. Concatenating oxidation and subsequent synthetic transformations. 
Our final test reaction was an oxidative functionalization to generate a hexafluoroisopropyl 
ester using a protocol developed previously by us68 and employing 1 as the oxidant. 
Hexafluoroisopropyl esters are valuable synthetic intermediates that can be easily converted to 
other functionalities, such as amides, under very mild conditions. We started with 1,7-heptanediol, 
converting it to 4d, filtering and then adding pyridine and hexafluoroisopropanol. After stirring 
for five minutes, 1 (5 equiv.) was added. As with the base-mediated oxidation of alcohols, a 
superstoichiometric quantity of 1 is required in this reaction. A 77% yield of the bis-
hexafluoroisopropyl ester 12 was obtained over the two steps. The dichloromethane may be 
removed in vacuo before the oxidative functionalization, however the reaction is slightly 
exothermic.  
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We have undertaken a systematic study of the oxidation of a range of terminal diols, employing 
oxoammonium salt 1 as the oxidant. For substrates bearing a hydrocarbon chain of seven carbon 
atoms or more, the sole product is the dialdehyde and the methodology compares favorably with 
previous reports in the literature for this transformation using other oxidants. A series of post-
oxidation reactions have been performed showing that the product mixture from the oxidation step 
can be taken on directly to a subsequent transformation. For diols containing four to six carbon 
atoms, the lactone product is the major product upon oxidation with 1. In the case of 1,2-ethanediol 
and 1,3-propanediol, when using a 1:0.5 stoichiometric ratio of substrate to oxidant the products 
are acetals 6 and 7, respectively. This is of particular synthetic value given both the difficulty of 
their preparation using other approaches and also their potential application in further reaction 
chemistry. 
14 
 
Chapter 2 Investigation of hydroxyammonium salts as catalytic oxidants 
With the byproduct of the oxidation of diols being the reduced 3, we were able to collect a 
considerable amount of the salt. It is possible to recycle 3 back to 1 by the conditions outlined by 
Bobbitt,2 however we thought that it might be beneficial to find a way to use 3 as a pro-oxidant 
since that was the only form that had not been utilized in such a way. We believe that there are 
some benefits to exploring this class of reagent: they are shelf stable salts, avoiding the volatility 
and capricious reactivity of TEMPO; they are soluble in water and insoluble in common organic 
solvents, facilitating their removal and reuse; and they allow for control of counterions, the 
variation of which has been postulated to have some effect on reactivity.80 Our attention has 
focused particularly on the tetrafluoroborate salt of 1, and we present here a methodology for 
alcohol oxidation using 3 a catalyst. A range of alcohols, including stubborn α-trifluoromethyl 
alcohols, can be oxidized rapidly and effectively using sodium hypochlorite as a terminal oxidant. 
Our first objective was to seek out reaction conditions that would allow for re-oxidation of 3 
to 1. Using 3-phenylpropan-1-ol (13a) as a test substrate and water as the solvent, we discovered 
that some degree of oxidation occurred when employing 10 mol% 3 and 1 equiv. of commercially-
available bleach solution as a terminal oxidant. A 7% conversion to hydrocinnamaldehyde (14a) 
together with 9% of the corresponding hydrate was obtained after stirring at room temperature for 
45 min (Table 2, entry 1). In an attempt to increase conversion, we turned to a phosphate buffer 
at pH 3.5 as the solvent, the objective being to maintain an acidic reaction medium and hence 
disproportionate any 2 formed into 1 and 3.81 When using 2 equiv. bleach, titrated to confirm the 
concentration of sodium hypochlorite, the conversion to 14a increased even when using 7.2 mol% 
of 3 as the catalyst, but with this we also observed formation of dimeric ester 15a (entry 2). 
Titrating bleach solution to assure accurate stoichiometric control is a laborious process. This, 
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together with a desire to limit byproduct formation led us to screen solid sodium hypochlorite 
pentahydrate, solid bleach, as a terminal oxidant,82,83  and a binary solvent system of acetonitrile 
and phosphate buffer as the solvent. The former obviates the need for titration, and we posited that 
the latter would reduce byproduct formation. Our assertions were borne out by the fact that when 
using 3.6 mol% of 2 as the catalyst, 1 equiv. NaOCl • 5H2O as the terminal oxidant, and 99:1 
acetonitrile / 2 M phosphate buffer as the solvent, a 78% conversion to 14a was obtained with no 
evidence of concomitant dimeric ester formation (entry 3). Probing the role of the buffer, we found 
that it could simply be replaced by water and the product conversion improved to 84% (entry 4). 
However, when the reaction was performed in pure acetonitrile (i.e. without the addition of water), 
product conversion dropped significantly (entry 5). A range of alternative terminal oxidants were 
screened. No oxidation was observed when using oxone, potassium persulfate, ceric ammonium 
nitrate, silver carbonate, N-methyl morpholine-N-oxide, or sodium perborate. A 67% conversion 
to 14a was obtained in the case of diacetoxy iodobenzene, together with 13% of hydrocinnamic 
acid (16a, entry 6). Returning to sodium hypochlorite as the terminal oxidant, increasing the 
loading from 1 equiv. to 1.3 equiv. allowed us to consume all the alcohol starting material. Using 
these conditions, a conversion to 14a of 81% was obtained, together with 10% of 16a (entry 7). 
Upon increasing the quantity of sodium hypochlorite to 2.5 equiv. we observed an 82% conversion 
to 16a, this allowing us to increase the scope of the methodology to the direct oxidation of primary 
alcohols to the corresponding carboxylic acids (entry 8). Returning to the targeted oxidation to the 
aldehyde, since separation of 14a from 13a is more challenging than that of 14a from 16a, we 
decided to use the slightly increased sodium hypochlorite loading of 1.3 equiv. moving forward. 
While reducing the quantity of 3 from 3.6 mol% to 1 mol% was possible, a significantly increased 
reaction time was required for full consumption of 13a (entry 9). Returning to a catalyst loading 
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of 3.6 mol%, we explored whether 1 or 2 could be employed as the entry point for the catalytic 
cycle and found that this was indeed possible without an effect on outcome (entries 10 and 11). 
Finally, to confirm that the reaction was not being affected solely by the terminal oxidant, we 
performed a control reaction in the absence of 3 and found that no product was obtained (entry 
12). Having completed our screen, as optimized conditions we selected to move forward using 3 
(3.6 mol%) as the catalyst and NaOCl • 5H2O (1.3 equiv.) as the terminal oxidant, employing a 
99:1 acetonitrile / water mix as the solvent, and stirring the reaction mixture at room temperature. 
Table 2. Optimization of reaction conditions.a 
 
Entry 2 (mol%) Oxidant (equiv.) Solvent 14a (%) 15a (%) 16a (%) 
1 10 bleach (1) water 7 - - 
2 7.2 bleach (2) bufferb 39 21 - 
3 3.6 NaOCl  5H2O (1) 99:1 acetonitrile / buffer
b 78 - - 
4 3.6 NaOCl  5H2O (1) 99:1 acetonitrile / water 82 - - 
5c 3.6 NaOCl  5H2O (1) acetonitrile 62 - - 
6 3.6 PhI(OAc)2 (1) 99:1 acetonitrile / water 69 - 17 
7 3.6 NaOCl  5H2O (1.3) 99:1 acetonitrile / water 81 - 16 
8 3.6 NaOCl  5H2O (2.5) 99:1 acetonitrile / water 14 2 82 
9 1 NaOCl  5H2O (1.3) 99:1 acetonitrile / water 85 - 7 
10 3.6d NaOCl  5H2O (1.3) 99:1 acetonitrile / water 80 2 18 
11 3.6e NaOCl  5H2O (1.3) 99:1 acetonitrile / water 85 - 13 
12 - NaOCl  5H2O (1.3) 99:1 acetonitrile / water 0 0 0 
a Reactions performed using 1 mmol 13a  (0.3 M in solvent) and the oxidant added as a single 
portion. Reaction run for 45 min at room temperature. Product conversion determined by integration 
of signals in the 1H-NMR spectrum of the crude product mixture. b  Phosphate buffer (pH 3.5). c 
Contained 35% 13a .  d  2  used as catalyst. e 1  used as catalyst.  
We moved next to a substrate screen using our optimized reaction conditions (  
Table 3). The methodology can be applied to variety of scaffolds, with isolated yields ranging 
from 65% to 98%. Both primary and secondary alcohols are well tolerated. The progress of 
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primary alcohol oxidation was monitored closely to ensure maximum conversion to the desired 
aldehyde product and minimal formation of the corresponding carboxylic acid. Benzyl alcohols 
are converted to the corresponding benzaldehydes (14c-g) and aryl carbinols to acetophenones 
(14h-l). Electron donating groups were found to slow the reaction progress and required increasing 
the sodium hypochlorite loading from 1.3 equiv. to 2.5 equiv. and employing a 95:5 acetonitrile / 
water mix as the solvent in order to achieve complete oxidation. Both linear and cyclic aliphatic 
alcohols were tested and proved successful (14m-o), including bulky substrates such as 
adamantanol (14p), although norbornene derivative 14q was unreactive. Extending to a 
heterocyclic example, we were able to oxidize 2-pyridinemethanol in just 15 min (14r). In the 
absence of a base, stoichiometric oxoammonium salt oxidation of substrates bearing a β-oxygen 
substituent occurs so slowly as to be unreactive and in the presence of a base, formation of the 
dimeric ester product is observed.84 To investigate this class of substrate using our methodology, 
we screened 1-phenoxy-2-propanol. A 65% yield of the desired ketone product (14s) was obtained 
when using 2.5 equiv. of sodium hypochlorite and performing the reaction in a 95:5 acetonitrile / 
water mix as the solvent. Interestingly, in this case alongside 14s we observed a number of 
byproducts resulting from chlorination of the aromatic ring, presumably arising from off-target 
reactions of either 13s or 14s with the sodium hypochlorite terminal oxidant.  
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Table 3. Substrate scope for the oxidation of alcohols to aldehydes and ketones.a 
 
 
14a, 78%, 45 min 
 
14b, 65%, 120 mind 
 
14c, 92%, 90 minb 
 
14d, 92%, 30 min 
 
14e, 82%, 120 minc 
 
14f, 80%, 120 minc 
 
14g, 97%, 90 min 
 
14h, 97%, 30 min 
 
14i, 99%, 45 min 
 
14j, 97%, 120 minc  
14k, 96%, 120 min 
 
14l, 97%, 30 min 
 
14m, 84%, 45 min 
 
14n, 98%, 90 min 
 
14o, 92%, 90 min 
 
14p, 90%, 90 min 
 
14q, 0%, 24 h 
 
14r, 91%, 15 min 
 
 
14s, 65%, 120 minc  
 
a Unless noted otherwise, reaction performed using alcohol (2.5 mmol, 1 equiv.), 3  (0.09 mmol, 3.6 
mol%), NaOCl · 5H 2O (3.25 mmol, 1.3 equiv.), 0.3 M alcohol in 99:1 MeCN / H 2O, room 
temperature; all yields are isolated yields after purification, unless oth erwise noted. b  1 mmol scale. 
c Using NaOCl · 5H 2O (6.25 mmol, 2.5 equiv.),  0.3 M alcohol in 95:5 MeCN / H 2O. d Yield 
determined by quantitative 1H-NMR spectroscopy.  
An interesting reaction occurred when subjecting furfuryl alcohol to our oxidation conditions. 
Instead of obtaining furfural, we observed 17, the product of an Achmatowicz rearrangement 
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(Figure 11). The identity of the six-membered ring heterocycle was proven by comparing NMR 
data with that in the literature85 but proved challenging to isolate in pure form from the product 
mixture. However, this proves that the oxidation conditions can facilitate transformations other 
than simple oxidation. 
 
Figure 11. Formation of 17 from furfuryl alcohol through an Achmatowicz rearrangement. 
Oxidation of α-trifluoromethyl alcohols to the corresponding trifluoromethyl ketones 
(TFMKs) offers a practical route to this valuable class of compounds. However, classical methods 
for alcohol oxidation are typically insufficient due to the presence of the strongly electron-
withdrawing trifluoromethyl group.86–92 In our group we have developed a methodology using a 
superstoichiometric quantity of 1 in conjunction with a pyridine base,25 and more recently reported 
an approach merging catalytic oxoammonium cation oxidation with visible-light photoredox 
catalysis.42 The development of these methods was necessary as the oxoammonium-mediated 
oxidation under acidic conditions would form a carbocation from the hydride abstraction, which 
would be highly destabilized (Figure 12).16,93,94 We wanted to see if our current methodology 
could be employed for this challenging oxidation, and found that indeed it is (Table 4). A range 
of aromatic and heteroaromatic α-trifluoromethyl alcohols could be oxidized to TFMKs (14t-y) 
but aliphatic examples proved unreactive under our conditions (14z). 
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Figure 12. Destabilized carbocation formation of α-trifluoromethyl alcohols. 
In a final substrate screen, we probed the conversion of primary alcohols to the corresponding 
carboxylic acids, thereby expanding the scope of the methodology. By using 2.5 equiv. of sodium 
hypochlorite and performing the reaction in a 95:5 acetonitrile / water mix as the solvent, four 
representative alcohols were exhaustively oxidized to the carboxylic acids, including an aliphatic 
substrate (16m) which, while difficult to isolate, gave an 86% yield as calculated by quantitative 
1H-NMR spectroscopy (Table 5). 
Table 4. Scope of the methodology for the oxidation of various α-trifluoromethyl alcohols.a 
 
 
14t, 97%, 45 min  
14u, 95%, 15 min 
 
14v, 95%, 120 min 
 
14w, 92%, 45 min 
 
14x, 93%, 150 min 
 
14y, 91%, 15 minb 
 
 
14z, 0% 
 
a Reaction performed using alcohol (2.5 mmol, 1 equiv.), 3 (0.09 mmol, 3.6 mol%), NaOCl · 5H 2O 
(3.25 mmol, 1.3 equiv.), 0.3 M alcohol in 99 / 1 MeCN : H 2O, room temperature; all yields are 
isolated yields after purification. b Contains 12% hydrate.  
We posit that the mechanism by which 1 is regenerated from 3 is by a two-electron oxidation 
as opposed to two one-electron oxidation steps. This is supported by the observation that when 
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using ceric ammonium nitrate and silver nitrate, traditional one-electron oxidants, in place of 
sodium hypochlorite, we see no product formed. To probe the reaction further, we performed an 
EPR spectroscopy study (Figure 13). Using the oxidation of 1-octanol to 16m as a model system, 
prior to addition of sodium hypochlorite we see no evidence of the paramagnetic nitroxide 3. 
Immediately after the addition of sodium hypochlorite to the reaction mixture, a maximum of 0.25 
mol% of 3 (or 7% of the total amount of 3 in the reaction mixture) converts to radical 2 by means 
of comproportionation. After 1 hour of reaction (the half-way point) the radical is no longer 
observable. This evidence adds further credence to our argument that one two-electron process is 
at play rather than two one-electron steps. 
Table 5. Representative oxidation of alcohols to carboxylic acids.a 
 
 
16a, 92%  
16k, 95% 
 
16r, 93% 
 
 
16m, 86%, 2 hb 
 
a Reaction performed using alcohol (2.5 mmol, 1 equiv.), 3  (0.09 mmol, 3.6 mol%), NaOCl · 5H 2O 
(6.25 mmol, 2.5 equiv.), 0.3 M alcohol in 95:5 MeCN / H 2O, room temperature; yields are isolated 
yields after purification, unless noted otherwise. b Yield determined by quantitative 1H-NMR 
spectroscopy.  
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Figure 13. EPR spectrum for the oxidation of 1-octanol to octanoic acid. 
In summary, hydroxyammonium salt 3 has been employed as a catalyst for the oxidation of 
alcohols in conjunction with sodium hypochlorite pentahydrate as a terminal oxidant. The reaction 
is generally complete within 30-120 min using an acetonitrile / water mix as the solvent, and no 
additives are required. The methodology has been employed for the generation of a range of 
aldehyde, ketone, and carboxylic acid products. Of particular note is that aryl trifluoromethyl 
carbinols can be converted to the corresponding trifluoromethyl ketones in excellent yield, this 
class of alcohol being notoriously hard to oxidize. 
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Chapter 3 Counterion effect 
In an ideal world, anions which stabilize positively charged reagents, such as in oxoammonium 
salts, would be innocent. However, this is often not the case. More and more reports have indicated 
that these counterions are indeed affecting reaction mechanisms, but most do not investigate the 
effect.3,32,80,95–98 Of those reports, we were interested in the effect of counterions on oxoammonium 
salt mediated oxidations.  
Oxoammonium salts (Figure 14) are an important class of oxidants. These oxidants are metal-
free, recyclable, and environmentally benign. These oxidants are used for a wide variety of 
oxidative transformations, including oxidation of alcohols to aldehydes and ketones, oxidative 
cleavages and oxidative functionalizations.3 Simple oxidations can be performed 
stoichiometrically under two main sets of  conditions, dependent upon the substrate: acidic99 or 
basic,27 facilitated by silica gel or a pyridyl base, respectively. In particular, the acidic conditions 
have been noted to exhibit different reactivities when using different counterions.80,98,99  Endo has 
attributed this observation to the nucleophilicity of the counterion,80 but to our knowledge, no 
further study has been made to support this. The Shibuya group studied an oxidative rearrangement 
of tertiary allylic alcohols, noting not only a difference in yield and reaction time, but also in 
reactivity.98  
 
Figure 14. Oxoammonium salts studied. 
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In addition, the mechanism of these oxidations has been studied computationally multiple 
times.3,32,34,93,100 These studies excluded any counterions to simplify calculations, under the 
assumption that the counterion was innocent. As we examined the literature, we have begun to 
believe that this is not the case. Here, we endeavored to explore the effect of the counterions both 
computationally and experimentally. 
We began our study by calculating the transition state (TS) energies for the oxidation of 1- and 
2-octanol using 1 with 11 different counterions (Table 6). Calculations were carried out using 
Gaussian 09101 at the B3LYP/6-31g(d) level of theory.102–106 When confirming a TS structure by 
observing the negative frequency, we also observed a previously neglected interaction: a hydrogen 
bonding interaction between the counterion and the alcoholic proton ( 
Figure 15).  
Table 6. Calculated ΔGǂ for 1- and 2-octanol and related anion β values. 
 
Anion ΔGǂ1-octanol a ΔGǂ2-octanol a β Anion ΔGǂ1-octanol a ΔGǂ2-octanol a β 
Cl- 16.33 17.29 0.87107 HSO4- 12.51 12.42 0.67108 
Br- 19.45 18.79 0.87109 H2PO4- 2.80 7.95 0.81110 
BF4- 12.86 11.9 0.38111 CCl3CO2- 10.07 13.41 0.56110 
PF6- 15.88 12.84 0.21111 CF3CO2 - 7.33 11.70 0.84112 
SbF6- - - 0.34113 CF3SO3- 12.06 12.96 0.46114 
NO3- 9.45 12.61 0.74109 CH3SO3- 8.31 13.39 0.85109 
a Calculated with B3LYP/6-31G(d) 
The hydrogen bond accepting ability, β, hydrogen bond donating ability, α, and 
dipolarity/polarizability, π*, are measurable parameters defined as the Kamlet-Taft parameters.115 
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Though the Kamlet-Taft parameters are generally used for room temperature ionic liquids, these 
values are also applied to hydrogen bond accepting (HBA) bases which are dissolved in a non-
HBA solvent. Through this, we were able to find reported β values for a variety of anions in the 
literature.107–109,111–114 Of the anions calculated, β values of CCl3CO2- and H2PO4- were not 
reported, therefore we calculated these values according to Hunt and co-workers.110 
 
Figure 15. Image of observed interaction (O-H···X-). 
When the gas phase TS energy is plotted against the β of the various counterions, a trend can 
be seen (Figure 16). In general, the higher the anions ability to accept hydrogen bonds, the lower 
the transition state energy, and this is clear when analyzing data from 1-octanol, however the trend 
is not as clear with the 2-octanol. This could be due to the difference in α between the two as 1-
octanol is a somewhat better hydrogen bond donor (α1-octanol: 0.37; α2-octanol: 0.33).116. The halides, 
Br- and Cl-, appear to be outliers, which could be due to factors outside the scope of this study 
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.  
Figure 16. Graph of β vs. ΔGǂoctanol.  
We believed it pertinent to test this experimentally. All oxoammonium salts were prepared 
according to the literature.13,117 Two salts, 1b and 1g, were calculated but not prepared due to 
solubility issues. Initially, we hoped to compare the reaction rates of competitive oxidations 
between either 1- or 2-octanol and 4-nitrobenzyl alcohol to those reported in the literature,94 
however we found that the reaction time varied greatly for each salt. For example, 1c was complete 
in 5-6 hours whereas 1i was complete within a few minutes. In order to simplify the experiment, 
the reaction time was kept constant at 2 hours, even if the perceived end of reaction was prior to 
that time (Table 7). Three salts were chosen to perform control experiments oxidizing both 1- and 
2-octanol in a competitive experiment to ensure that the ratios calculated from competitive 
oxidations with 4-nitrobenzyl alcohol would be appropriate for comparison. Indeed, we found little 
to no difference between the ratios. 
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Table 7. Table of conversions from competitive oxidations. 
 
 
 
Ions Conv 19b (%)a Conv 14m (%)a 
Cl- 12% 33% 
BF4- 17% 11% (7%)c 
PF6- 3% 3% 
SbF6- 6% 7% 
NO3- 100% 100% 
H2PO4- 13% 10% (11%)c 
CCl3CO2- 43% 28% 
CF3CO2 - 53% 45% 
CF3SO3- 33% 33% (30%)c 
CH3SO3- 27% 59% 
 
 
Ions Conv 19b (%)a Conv 14n (%)a 14m/14nb ΔGǂ(1-oct/2-oct) 
Cl- 18% 41% 0.80 0.94 
BF4- 15% 25% (16%)c 0.44 (0.44)c 1.08 
PF6- 6% 15% 0.20 1.24 
SbF6- 7% 26% 0.27 - 
NO3- 100% 100% 1.0 0.75 
H2PO4- 11% 23% (17%)c 0.73 (0.65)c 0.35 
CCl3CO2- 60% 45% 0.62 0.75 
CF3CO2 - 75% 26% 1.73 0.63 
CF3SO3- 22% 88% (70%)c 0.38 (0.43)c 0.93 
CH3SO3- 32% 72% 0.82 0.62 
a Reaction conditions: 18 (0.153 g, 1 mmol, 1 equiv.), 13m (157 μl, 1 mmol, 1 equiv.) or 13n (159 μl, 1 mmol, 1 
equiv.), 1 (1.05 mmol, 1.05 equiv.), SiO2 (0.153 g, 1 wt equiv. to 4-nitrobenzaldehyde), and DCM (25 mL, 0.04 M) 
were stirred for 2 h. Conversions analyzed utilizing 1H NMR. b Ratio = conversion(1-octanol) / conversion(2-
octanol). c Values in parentheses are from competition experiments between 1-octanol and 2-octanol. 
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Interestingly, we found two salts that stood out, 1f and 1j. The nitrate salt 1f was found to 
oxidize two equivalents of alcohol using just one equivalent of salt. We believe this salt could be 
entering into the catalytic TEMPO / NOx mechanism,
118,119 thereby excluding it from any further 
comparisons in this study. We also excluded the trifluoroacetate salt 1j from this study as it begins 
as a yellow crystalline solid, however shortly after exposure to air, begins to turn green, likely 
decomposing and affecting the reactivity. With the remaining salts, we plotted β against the 
conversion ratio of 1-octanol/2-octanol (Figure 17). This gives a linear correlation with R2 of 
0.945. The SbF6
- anion was not calculated as antimony is too large for our chosen basis set, yet 
experimentally it also fits into this relationship. This data supports the hypothesis that the 
counterion is not innocent in the reaction mechanism, and primary vs. secondary selectivity, and 
possibly reactivity, is related to β of the counterion. 
  
Figure 17. Graphs of β vs. ΔGǂ(1-octanol/2-octanol) (left) and β vs. Conversion ratio(1-octanol/2-octanol) (right). 
In conclusion, we have studied the effect that counterions have on oxoammonium salt mediated 
oxidations. A computational study not only identified a difference in the transition state energies, 
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but also a previously neglected interaction between the anion and the alcoholic proton. When the 
transition state (TS) energies were plotted against the hydrogen bond accepting abilities (β), a trend 
was observed where the higher the β value, the lower the TS energy. To test this experimentally, 
we performed competitive oxidations with 1- and 2-octanol. The conversion ratio of the two 
alcohols was found to have a linear correlation to the β values, thus supporting our hypothesis that 
the counterions are non-innocent and the effects seen are related, at least in part, to the ability of 
the anion to accept hydrogen bonds.
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Chapter 4 Amidation of Esters 
4.1 Introduction 
Amides are one of the widest classes of compounds found in natural products as well as in 
pharmaceuticals.120  Their synthesis has been, and continues to be the focus of significant attention 
in synthetic chemistry.121–123 However, despite the wide array of methods available, the preparation 
of amides is often regarded as “expensive and inelegant”.124,125 The most common route involves 
the reaction of carboxylic acids with amines, but this often requires the use of stoichiometric 
quantities of activators. There have been concerted efforts made to develop catalytic approaches.126  
One option involves the direct conversion of unactivated esters to amides. Indeed, this method is 
used in vivo by ribosomes for protein synthesis (amide bond formation).127–129 Esters are useful 
starting materials since they are common synthetic intermediates on the way to target compounds. 
Amidation of esters can be performed using a range of transition metal and lanthanide catalysts.130  
Examples include the use of group (IV) metal alkoxide complexes (Figure 18, eq 1)131 and 
lanthanum trifluoromethanesulfonate (eq 2).132  Avoiding the use of transition metals, inorganic 
bases such as potassium phosphate (eq 3)133 and sodium methoxide (eq 4)134 have also been used 
as catalysts. These reactions hinge on the use of anhydrous conditions and, in the case of NaOMe, 
the exclusion of air. Both also take 20-120 h to reach completion. An organocatalyzed route has 
also been reported using a guanidine catalyst.135 There is also a report of the amidation of esters 
purportedly performed at 40 °C in the absence of solvent and in some cases the absence of 
catalyst.136,137  
4.2 Amidation of Unactivated Esters with Amines 
As part of an ongoing project focused around transesterification reactions, we and others have 
found that when used in conjunction with calcium oxide, lithium salts prove to be highly efficient 
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catalysts.138 We posited that this catalyst system may be useful for the conversion of esters to 
amides and hence embarked on a study to probe this.  
 
Figure 18. Direct conversion of unactivated esters to amides. 
As a starting point we chose to use ethyl benzoate and benzylamine as test reagents, working 
with a 1:1 stoichiometry of the two. Performing the reaction solvent-free and using a 1:1 mixture 
of lithium nitrate and calcium oxide (5 mol% of each) as the catalyst, we obtained a trace of product 
after heating at 80 °C for 30 min (Table 8, Entry 1). Using a microwave unit as an effective and 
safe way to operate at elevated temperatures, we performed the reaction at 200 °C for 15 min and 
obtained a 67% conversion being obtained (Entry 2). By using a 1:1.5 stoichiometric ratio of ester 
to amine we were able to increase the conversion to 78% (Entry 3). We next performed two test 
reactions, one using just calcium hydroxide and one using lithium hydroxide, obtaining 8% and 
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74% conversions, respectively (Entries 4 & 5). Using lithium nitrate as the catalyst also proved to 
be successful (Entry 6), with the result being similar to that with lithium hydroxide, showing the 
importance of the lithium cation rather than the reaction simply being base-mediated. 
Deciding to focus our attention on lithium hydroxide as the catalyst, we next probed the effects 
of time and catalyst loading on the reaction. Extending the reaction time to 60 min improved the 
product conversion to 87% (Entries 7 & 8). Increasing the stoichiometric ratio of ester to amine 
from 1:1.5 to 1:2 had a negligible effect on the reaction (Entry 9). However, by working at the 
lower substrate ratio but increasing the catalyst loading to 7.5 mol% an 88% product conversion 
could be obtained in just 30 min (Entry 10). Thus, optimal reaction conditions involved heating a 
1:1.5 stoichiometric ratio of ester to amine at 200 °C for 30 min using 7.5 mol% LiOH as the 
catalyst. 
Table 8. Optimization of reaction conditions for the direct amidation of esters.a 
 
Entry Catalyst (mol%) Ratio 1a:2a Temp. (oC) Time (min) 3a (%)b 
1 LiNO3 (5) / CaO (5) 1:1 80 30 4 
2 LiNO3 (5) / CaO (5) 1:1 200 15 67 
3 LiNO3 (5) / CaO (5) 1:1.5 200 15 78 
4 Ca(OH)2 (5) 1:1.5 200 15 8 
5 LiOH (5) 1:1.5 200 15 74 
6 LiNO3 (5) 1:1.5 200 15 79 
7 LiOH (5) 1:1.5 200 30 80 
8 LiOH (5) 1:1.5 200 60 87 
9 LiOH (5) 1:2 200 30 84 
10 LiOH (7.5) 1:1.5 200 30 88 (78) 
a Reactions performed using 5 mmol of 20a .  b Values in parentheses indicate isolated yields, all 
other values are percent conversions by 1H-NMR spectroscopy.  
33 
 
With optimized conditions in hand, we next explored the substrate scope of the reaction. Using 
ethyl benzoate as the ester component, we first screened a number of amine coupling partners 
(Table 9). The reaction was compatible with primary and secondary amines. However, employing 
aniline and cyclohexylamine did not prove to be successful, presumably for electronic and steric 
reasons respectively. 
We next screened the reaction between benzylamine and a number of esters (Table 10). 
Amides were readily prepared from ethyl benzoates bearing electron donating and withdrawing 
groups as well as phenyl benzoate and an aliphatic ester. The exception was ethyl 4-nitrobenzoate, 
20m, where polymerization occurred at the elevated temperature used.  
Table 9. Amine substrate screening in the direct amidation of ethyl benzoate.a 
 
 
22a, 88% (78%)  
22b, 91% (80%) 
 
22c, 88% (81%) 
 
22d, 92% (81%)  
22e, 92% (58%) 
 
22f, 95% (70%) 
 
22g, 13% (7%) 
 
22h, 24% 
 
a Reactions performed using 5 mmol of 20a  and 7.5 mmol of amine coupling partner. b  Values in 
parentheses indicate isolated yields, all other values are percent conversions by 1H-NMR 
spectroscopy.  
While effective and rapid, one potential drawback of our methodology is that the high 
temperature at which the reaction is performed could lead to the decomposition of more delicate 
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substrates. We therefore wanted to benchmark our methodology against the literature report of a 
solvent and catalyst free procedure for the amidation of N-protected amino acid esters at 40 
°C.136,137 The reaction involves heating the protected amino acid ester and amine at 40 °C for 20 
min – 36 h. We first tried using these conditions for the amidation of ethyl benzoate with 
benzylamine. No product was obtained after stirring at 40 °C for 24 h. We next attempted to 
reproduce the reported amidation of the benzyl ester of N-benzoylglycine, 1n, with benzylamine, 
but the reaction was not successful in our hands. However, by employing our reaction conditions 
but operating at 90 °C for 30 min, we were able to obtain a >95% conversion of 20n to the 
benzamide analogue 22n (Figure 19). This hints at the fact that with more delicate substrates our 
methodology could be employed by working at lower temperatures for slightly longer reaction 
times. 
Table 10. Ester substrate screening in the direct amidation of esters with benzylamine.a 
 
 
20a, 88% (78%)  
20i, 87% (78%) 
 
20j, 91% (80%) 
 
20k, 91% (80%) 
 
20l, 92% (58%) 
 
20m, - 
a Reactions performed using 5 mmol of ester coupling partner and 7.5 mmol of 21a .  b Values in 
parentheses indicate isolated yields, all other values are percent conv ersions by 1H-NMR 
spectroscopy.  
Finally, we were interested in applying our reaction conditions to the ring-opening of a lactone. 
This was indeed possible. Working on the 5 mmol scale with δ-valerolactone (20o) and 
benzylamine as substrates, 22o was obtained in 87% yield (Figure 20). To show the scalability of 
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this reaction and the methodology in general, we performed the ring-opening on a 30 mmol scale 
and obtained an identical isolated product yield. 
 
Figure 19. Amidation of the benzyl ester of N-benzoylglycine. 
 
 
Figure 20. Amidation and ring opening of δ-valerolactone. 
In summary, we present a methodology for the direct conversion of esters to amides using 
lithium hydroxide as a catalyst. The approach allows for the preparation of a range of amide 
products as well as being applicable to the ring-opening of a representative lactone. 
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Chapter 5 Organoselenium Chemistry: The Quest for a Selenium Monoxide 
Transfer Reagent 
5.1 Introduction  
The chalcogen selenium was discovered in 1817 by Jöns Jacob Berzelius. As part of the 
chalcogen family, much like sulfur and tellurium compounds, selenium compounds are a 
malodourous, tend to be unstable, and are in general not pleasant to deal with, not to mention the 
toxic nature of this element.139  It is not hard to imagine why there was initially little to no interest 
in this element. This shortly changed when the 21st essential amino acid was discovered to be 
selenocysteine, found in the active site of glutathione peroxidase. This helped to open the door to 
the world of organoselenium, particularly studying the biological properties of selenium.  
This element is commonly known as the “essential poison” as it is an essential trace element 
in the body,140 however too much selenium will lead to selenosis, and too little is the main cause 
of Keshan and Kashin-Beck diseases. Selenium is found in at least 25 selenoproteins in the human 
body,141 some of which are due to three selenium containing amino acids: selenocysteine, 
methylselenocysteine, and selenomethionine (obtained through dietary intake).141,142 These 
selenoproteins are mainly involved in anti-oxidative systems and cancer prevention, though the 
importance of some selenoproteins is still unknown.141 
Organoselenium compounds are interesting in the way that though they structurally resemble 
sulfur analogues, the properties are vastly different, from the bond lengths and strengths to 
electronic behavior. It is because of this that some reactions which cannot be performed with either 
organosulfur or organotellurium compounds may be performed with organoselenium compounds. 
For example, one of the first known uses of selenium in chemistry was with the use of selenium 
37 
 
dioxide for oxidation reactions, commonly known as Riley oxidations (Figure 21), which involves 
either the oxidation of methylene group alpha to carbonyls or allylic oxidation.143  
 
Figure 21. Riley oxidation. 
With selenium exhibiting biological activity, there has been an increase in the number of 
organoselenium derivatives which have been made in hope of developing novel pharmaceuticals, 
with the main focus on finding glutathione peroxidase (GPx) mimics (Figure 22).144–148 The role 
of GPx has been identified as the reduction of peroxides to alcohols or water.144,149 This helps to 
protect a number of systems in the body from oxidative harm.141,142 A deficiency of selenium can 
induce spontaneous neurological deficits, pathogenic nephropathy, cardiomyopathy identified in 
Keshan disease, and degenerative osteochondropathy identified in Kashin-Beck disease.141  
After looking at potential GPx mimics, we became interested in the synthesis of selenophene 
scaffolds. Compounds containing selenophene are synthesized with many methods, but a number 
of these tend to use brominated selenophene,148 electrophilic or oxidative intra-molecular 
cyclization reactions, selenium dioxide,150 or Se-transfer reagents151 which either require a non-
commercial starting material or toxic, and potentially malodourous, reagents. We believe that we 
could adopt an approach similar to that of Dr. Richard Grainger and utilize a selenium analogue 
of the reported 1,2,3-trithiaphenalene-2-oxide, 24a.152,153 
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Figure 22. Pharmaceutically relevant organoselenium compounds. 
5.2 Chalcogen Monoxide Transfer Reagents 
The diatomic molecule sulfur monoxide (SO) is found in outer space and may also have some 
biological activity.154 Like molecular oxygen (O2), SO has a triplet ground state, some 20 kcal mol
-
1 more stable than the singlet form but unlike O2, it disproportionates in less than a second in the 
gas phase,155,156 ultimately forming S8 and SO2.
157–160 Due to its reactivity, the use of SO as a 
synthon in preparative chemistry is relatively unexplored. The most effective methods for the 
generation and in-situ trapping of SO on a synthetically useful scale are based on the fragmentation 
of organic molecules. There are several SO transfer reagents currently reported. The SO generated 
in-situ can then be used in cycloaddition reactions with dienes, either at elevated temperature or 
photochemically, to form thiophene-1-oxides (Figure 23).152  
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Figure 23. General use of sulfur monoxide transfer reagents. 
We have entered an international collaboration with Dr. Richard Grainger and his research 
group at the University of Birmingham in the United Kingdom. The Grainger group have reported 
that peri-substituted naphthalene trisulfide-2-oxide 24a is an effective SO transfer reagent.152,153 
Heating a solution of 24a in the presence of a diene results in formal transfer of SO to produce 
sulfoxides in good to excellent yield (Figure 24). Indeed, 24a represents a significant breakthrough 
in the design of SO transfer reagents, higher yields of sulfoxides being obtained as compared to 
other reagents, coupled with the formation of a recyclable byproduct in disulfide 23a. While 
thiophene-1-oxides are well studied, the chalcogen analogue selenophene-1-oxides have not been 
studied. In addition, selenium monoxide (SeO) has not been isolated and, like its sulfur analog, is 
difficult to produce.161  
Though SeO has not been isolated, there is some information known about the electronic 
structure and thermodynamic energies of this diatom.162–167 The dissociation energy of SeO is 
estimated to be 424.7 kJ mol-1 with enthalpy of formation ΔH°f (SeO, g, 298 k) = 58.9 kJ mol-1.165 Much 
like SO and O2, SeO has a X 
3Σ- ground state with low-lying a 1Δ and b 1Σ+ excited states, though 
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the transition energies for SeO lie at 2.27 and 1.07 kcal mol-1 smaller than that of SO, 
respectively.162 The radiative lifetime of the b 1Σ+ for SeO has been calculated to be just 1.1 
millisecond, with the predicted lifetime of the a 1Δ state being 1.1 seconds.168 While the half-life 
of SO has been reported to be 20 milliseconds,159 allowing for enough time to react with another 
molecule rather than dissociate, the same has not been reported of SeO, though we expect it to be 
much shorter. 
 
Figure 24. Use of SO transfer reagent 4. 
The undertaking of this formidable challenge was appealing to us. First, we calculated the 
energy of the extrusion of both SO and SeO from disulfide compounds with a variety of aromatic 
backbones (Table 11) using Gaussian 09101 at the B3LYP/6-31g(d) level of theory.102–106 When 
this extrusion occurs, the oxides are ejected as radicals in either the triplet or singlet state, with the 
triplet state being the most stable ground state configuration.153,161 Overall, when compared to the 
SO carriers, SeO carriers are much more energetically unfavorable. Of the calculated structures, 
23a, anthracene, and the two phenanthrene derivatives were the most favorable for the extrusion 
of SeO. We began experimental work on 1,8-napthalene disulfide. 
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Table 11. Calculated energies for the extrusion of SO and SeO (ΔG, kcal mol-1).a 
 
Ring System 1SO 3SO 1SeO 3SeO 
 
23a 
22.3 -7.7 33.8 6.5 
 
23a’ 
23.0 -7.0 34.6 6.4 
 
23b 
23.2 -6.8 37.8 9.5 
 
23b’ 
21.4 -8.6 33.5 5.2 
 
23c 
25.1 -4.9 39.4 11.2 
 
23c’ 
25.6 -4.4 37.3 9.1 
 
23d 
28.9 -1.1 43.3 15.1 
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Ring System 1SO 3SO 1SeO 3SeO 
 
23d’ 
27.9 -2.1 40.1 11.9 
 
23e 
19.6 -10.3 33.3 5.0 
 
23e’ 
20.6 -9.4 32.1 3.9 
 
23f 
15.0 -15.0 30.2 1.9 
 
23f’ 
18.8 -11.2 32.0 3.8 
 
23g 
16.4 -13.6 29.5 1.2 
 
23g’ 
22.0 -8.0 33.8 5.6 
 
23h 
20.9 -9.0 34.6 6.4 
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Ring System 1SO 3SO 1SeO 3SeO 
 
23h’ 
22.0 -8.0 33.5 5.2 
 
23i 
21.4 -8.6 33.8 5.5 
 
23i 
22.7 -7.3 37.8 9.5 
 
32 
-49.8 -79.7 -57.5 -85.9 
a Calculated at the B3LYP/6-31G(d) level of theory. 
We postulated that we could make an SeO transfer reagent in a similar fashion as the SO 
transfer reagent: by reducing 1,8-naphthalene disulfide to the 1,8-naphthalene dithiol and then 
reacting the dithiol with selenium oxychloride.152 This reaction was successful with a 36% yield 
of 25a, this being higher than other attempts to make similar compounds.142 This compound is 
stable when stored at -20 °C and can be used in air for a short period of time. Unfortunately, 
attempts to use 25a in cycloaddition reactions with dienes have been unsuccessful thus far, and 
has led to undesired oxidation byproducts (Figure 25). In attempt to mitigate the formation of 
these off-target products, we tried using 1,4-diphenyl-1,3-butadiene as a trapping agent, which 
resulted in the formation of benzaldehyde, benzoic acid, cinnamaldehyde, and cinnamic acid. 
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Repeating this reaction using either selenium dioxide or black elemental selenium produced the 
same result, obscuring the nature of the active species. 
 
Figure 25. Products of attempted cyclization reaction of 25a with dienes. 
Despite these obstacles, we decided to expand our study to other compounds that may be 
suitable as SeO transfer reagents. Inspired by research recently published by Cummins and co-
workers,169 we have synthesized Carpino’s hydrazine, 32.170 The extrusion of SeO from a transfer 
reagent derived from this hydrazine has been calculated to be extremely favorable, being more 
favorable than the SO transfer reagent reported for the first time (Figure 26).169 
 
Figure 26. Structure of Carpino’s hydrazine, 32 (left), the extrusion products and energies from the derived oxide 
transfer reagents (right). 
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Synthesis of 32 has been reported170 starting from phthalic anhydride and reacting that with 
benzylamine to form N-benzylphthalimide, 26. This was then reduced to 27 using lithium 
aluminum hydride, and subjected to a Diels-Alder cyclization with a benzyne intermediate giving 
28. This is then deprotected as the bromide salt, 29, and basified to yield amine 30 (Figure 27).  
 
Figure 27. Synthesis of amine 30. 
From 30, we first produced nitrosamine 31, which we sought to reduce to the hydrazine using 
zinc, though this reduction was found to be problematic. Instead, we found that 30 could be 
aminated using 34, a stable aminating reagent (Figure 28).171 
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Figure 28. Amination of amine 30.  
The amination of 30 proceeded in 13% yield, providing enough hydrazine to attempt the 
formation of the SeO carrier 32a. Following the procedure reported by Cummins, 32 was mixed 
with triethylamine and selenium oxychloride (Figure 29). The reaction mixture immediately 
produced a red precipitate, indicating the formation of elemental Se. The mixture was analyzed by 
1H NMR to discover that there was a 100% conversion to anthracene, indicating that 32a, if 
formed, decomposed immediately. Any attempts to add diene to the mixture, in hopes that 32a 
could be formed in situ and then used, were futile. 
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Figure 29. Formation of SeO carrier 32a. 
Though our goal of developing an efficient SeO transfer reagent has not been met, we believe 
that there are still more backbones to explore that may be more suitable. Recently, the Grainger 
group has found evidence that the distance between the two sulfurs has a great impact on the ability 
to eject SO in a way that allows it to react versus losing the SO in disproportionation. 
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Chapter 3 Organofluorine Chemistry: Photocatalyzed Trifluoromethylation 
3.1 Introduction 
The incorporation of fluorine atoms or fluorine-containing groups into organic molecules is a 
current topic of considerable interest both in academic and industrial settings.172–174 As a result, 
synthetic strategies which achieve fluorination are desirable based on the properties conferred to 
the fluorinated product.175–177 For example, carbon-fluorine bonds are not only stronger than 
analogous C-H bonds, but are also more polarized, making them more resistant against oxidative 
metabolism.178,179 While monofluoro- and difluoro-moieties are certainly of interest, the 
trifluoromethyl functionality (-CF3) has received significant attention, likely because of its ability 
to serve as a bioisostere for several functional groups.180–182 This bioisosteric property can be used 
to adjust the steric and electronic properties of a compound, or to prevent metabolic degradation.183 
A range of synthetic strategies are available for performing trifluoromethylation reactions,184 
examples being the use of the Umemoto,185 Togni,186 Langlois,187 and Rupert-Prakash188,189 
reagents (Figure 30). 
 
Figure 30. Structures of common trifluoromethylating reagents. 
One approach to the direct trifluoromethylation of substrates involves the use of 
trifluoromethyl radical sources.190 Other methods of trifluoromethylating, such as cross-coupling 
reactions, are at a disadvantage to direct radical methods because they require pre-functionalized 
substrates, while direct radical methods do not. In the realm of radical trifluoromethylation 
reactions, the Langlois reagent has proven particularly popular, being a relatively inexpensive, 
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bench stable solid. It has garnered much attention since Baran and co-workers reported its 
application in an efficient methodology for the trifluoromethylation of heterocycles in 2011 
(Figure 31).191 Since then, a number of peroxide-free methods have been proposed. These 
generally rely on the use of either transition metals, inert atmosphere, harsh conditions, or 
combination thereof.192–196 
  
Figure 31. Examples utilizing the Langlois reagent in trifluoromethylation reactions. 
In hopes of developing an efficient and mild approach to radical trifluoromethylation, some 
have been turning to the use of photocatalysis. The popularity of photocatalysis as a tool in 
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preparative organic chemistry has been growing exponentially in recent years.197–200 These 
methods have opened avenues to chemical transformations that are otherwise unachievable. 
Photochemical approaches to radical trifluoromethylation using the Langlois reagent have been 
reported, but they tend to require rigorously anhydrous and anaerobic conditions, as well as the 
use of transition metals (Figure 32).197–205 Nicewicz found that the Langlois reagent could be used, 
in conjunction with an organic acridinium based photocatalyst, to facilitate the 
hydrotrifluoromethylation of alkenes, resulting in 25-74% yields.205 This method, using blue LED 
light (λ = 450 nm), requires stoichiometric amounts of methyl thiosalicylate or thiophenol, which 
act as hydrogen atom donors. Similarly, Lefebvre later reported a hydrotrifluoromethylation 
method which explored the reactivity of electron-deficient substrates.202–204 They employ a 
benzophenone-based photocatalyst in conjunction with UV light (λ = 355 nm) and use 
hexafluoroisopropanol (HFIP) as a super-stoichiometric additive, lending some credence to 
previous observations that HFIP can act as a proton donor rather than a hydrogen atom donor. 
They also demonstrate that similar yields can be obtained when employing an iridium-based 
photocatalyst and blue light. Itoh and co-workers have reported the use of an anthraquinone 
derivative as an organic photocatalyst for the trifluoromethylation of arenes and heteroarenes, 
however, this method still requires an inert atmosphere, and has a limited substrate scope.201 
Interestingly, when there is more than one reactive site, a degree of regioselectivity is observed in 
electron-rich arenes. 
51 
 
 
Figure 32. Examples utilizing the Langlois reagent in photo-mediated trifluoromethylation reactions. 
Unrelated to organofluorine chemistry, the Itoh group have recently reported a methodology 
for the visible-light mediated cross-dehydrogenative C-H amination of indoles with phthalimides, 
employing 2-tert-butylanthraquinone as a photocatalyst (Figure 33).206 Having already developed 
a number of non-radical approaches to trifluoromethylation,25,26,207–209 the reports by Itoh piqued 
our interest and we sought to develop a methodology for the photo-mediated radical 
trifluoromethylation of indoles using Langlois reagent and an anthraquinone photocatalyst. 
Incorporation of fluorine into indole scaffolds is very attractive due to the prevalence of indoles in 
natural products and pharmaceuticals. Photo-mediated trifluoromethylation of indoles has been the 
subject of previous studies, although not using Langlois reagent (Figure 34).210–212  
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Figure 33. The visible-light mediated cross-dehydrogenative C-H amination of indoles. 
3.2 Photo-catalyzed Trifluoromethylation of Indoles 
We wanted to expand on these previous reports, offering an additional approach for the 
synthesis of these valuable products (Figure 34). Our metal-free method is convenient in that 
rigorously anhydrous and / or anaerobic conditions are not required. While product yields are 
moderate, they are not unlike many of the other methods reported in the literature. To augment our 
synthetic chemistry, we employed computational chemistry to help us understand why yields for 
2- or 3-substituted trifluoromethylated indoles can be quite low. 
  
Figure 34. Previous methods for photo-mediated trifluoromethylation of indoles, and our approach. 
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As a substrate for reaction optimization, we selected 1-methyl-2-phenylindole (1a). Employing 
DMF as our solvent (0.1 M in substrate), 1 equiv. of Langlois reagent, 0.6 equiv. of potassium 
carbonate as a base, 10 mol% 2-tert-butylanthraquinone (AQN) as a photocatalyst, and a blue LED 
light source, we obtained a 10 % yield by NMR of the desired trifluoromethylated product after 
24 h (Table 12, entry 1). The reaction was performed in a sealed Pyrex test tube using 
approximately 50 mg of 4 Å molecular sieves to sequester water. The λ-max of AQN is 255 nm, 
and keeping all parameters constant with the exception of switching the light source to 255 nm 
LEDs and using a quartz reaction tube increased the yield to 32% (entry 2). Changing the 
photocatalyst to 9-mesityl-10-methyl acridinium tetrafluoroborate and using blue light, a 10% 
yield was obtained, suggesting that AQN was superior (entry 3). Doubling both the photocatalyst 
loading and also the quantity of Langlois reagent increased the yield to 47% (entry 4). Changing 
the solvent to acetonitrile not only increased the product yield to 50%, but also dramatically 
decreased the necessary reaction time to 3 h (entry 5). Cesium carbonate and ammonium carbonate 
were screened as alternative bases and both found to be on par with potassium carbonate (entries 
6 and 7). Thus, we decided to proceed using ammonium carbonate due to its increased solubility 
in acetonitrile, thereby allowing for the more effective stirring of the reaction mixture. Performing 
the reaction either open to the atmosphere or under a balloon of air slightly increased product 
conversion, but at the expense of increasing reaction time (entries 8 and 9). An atmosphere of 
nitrogen doubled the reaction time with no effect on yield (entry 10). Under an oxygen atmosphere, 
the reaction was greatly accelerated at the expense of the desired product (entry 11), a number of 
side products being formed. While these were not identified, they are believed to be polymeric in 
nature and if the reaction is left for longer, decomposition occurs. To avoid loss of solvent due to 
evaporation and the formation of these undesired side products, we decided to proceed using a 
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balloon of air. Knowing that HFIP can play a profound effect on reaction rate and outcome,213–215 
we performed two trials with the addition of 0.5 equiv. and 0.25 equiv. of HFIP to the reaction 
mixture. Using 0.5 equiv. HFIP increased the yield to 57% after 48 h (entry 12), but when reduced 
to 0.25 equiv. HFIP we obtained a 61% yield after just 24 h (entry 13). These conditions were 
taken on to the substrate screen. Three negative control experiments were also run to confirm that 
all components of the reaction mixture were necessary. The reaction did not occur in the absence 
of light, photocatalyst, or base (entries 14-16). In addition, performing the reaction under an 
atmosphere of nitrogen along with the addition of HFIP did not have a discernable effect on the 
outcome of the reaction (entry 17). 
Table 12. Optimization of reaction conditions.a 
 
Entry Solvent Catalyst (mol%) Base 
CF3SO2Na 
(equiv.) 
Additive 
(equiv.) 
Light  Atm. 
Time 
(h) 
Yield 
(%) 
1 DMF AQN (10) K2CO3 1 - blue Closed 20 10 
2 DMF AQN (10) K2CO3 1 - 255 Closed 20 32 
3 DMF 9-Ms-10-MeAcr (10) K2CO3 1 - blue Closed 20 10 
4 DMF AQN (20) K2CO3 2 - 255 Closed 20 47 
5 MeCN AQN (20) K2CO3 2 - 255 Closed 3 50 
6 MeCN AQN (20) Cs2CO3 2 - 255 Closed 3 46 
7 MeCN AQN (20) (NH4)2CO3 2 - 255 Closed 3 50 
8 MeCN AQN (20) (NH4)2CO3 2 - 255 Open 9 57 
9 MeCN AQN (20) (NH4)2CO3 3 - 255 Lab air 8 55 
10 MeCN AQN (20) (NH4)2CO3 3 - 255 N2 48 57 
11 MeCN AQN (20) (NH4)2CO3 3 - 255 O2 2.5 37 
12 MeCN AQN (20) (NH4)2CO3 2 HFIP (0.5) 255 Lab air 48 57 
13 MeCN AQN (20) (NH4)2CO3 2 HFIP (0.25) 255 Lab air 24 61 
14 MeCN - (NH4)2CO3 2 HFIP (0.25) 255 Lab air 24 N.P.
c 
15 MeCN AQN (20) - 2 HFIP (0.25) 255 Lab air 24 N.P. c 
16 MeCN AQN (20) (NH4)2CO3 2 HFIP (0.25) - Lab air 24 N.P.
 c 
17 MeCN AQN (20) (NH4)2CO3 3 HFIP (0.5) 255 N2 48 54 
a Reactions were performed on the 0.3 mmol scale at a concentration of 0.1 M, using 0.6 eq uiv. 
base. They were monitored by TLC and worked up after the disappearance of the starting material.  
b Yield by quantitative 1H NMR.  c N.P. = no product 
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We began our substrate scope using 2-substituted indoles as reagents (Table 13). We 
determined product yields initially using quantitative NMR spectroscopy on the crude product 
mixture and then isolating the products using preparative thin-layer chromatography. Substrates 
that were not N-methyl-substituted were found to have similar reactivity to their N-methyl-
substituted analogues (Table 13). The substituent at the 2-position was varied. Placing a methyl 
group at the 2-position led to lower conversions. One other nitrogen protecting group, MOM, was 
found to be comparable to the N-methyl protected analogue. Unfortunately, when trying to expand 
the scope to non-nitrogen containing systems, we found benzofurans and the more biologically 
active uracil were unreactive. 
Table 13. Substrate screening of 2-substituted indoles.a 
 
 
36a, 46% (61%) 
 
36b, 47% (67%) 
 
36c, 30% (61%) 
 
36d, 16% (33%) 
 
36e, 30% (48%) 
 
36f, 38% (46%) 
 
36g, N.R. 
 
36h, N.R. 
 
36h’, N.R.  
a Indole (0.3 mmol, 1 equiv.), sodium trifluoromethylsulfinate (0.6 mmol, 2 eq uiv.), 2-tert-butyl 
anthraquinone (0.06 mmol, 0.2 equiv.), ammonium carbonate (0.18 mmol, 0.6 eq uiv.), HFIP (0.075 
mmol, 0.25 equiv.), and acetonitrile (3 mL, 0.1 M) in a sealed quartz tube with a balloon of air  and 
irradiated at 255 nm for 24 h. N.R. = no reaction. b Isolated yields; values in parentheses are yields 
obtained using quantitative 1H-NMR spectroscopy.  
When using 3-substituted indoles as substrates, product conversions were lower than in the 
case of the 2-substituted analogues (Table 14). The formation of multiple unidentified side 
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products and decomposition was observed, thus making for a challenging isolation of the desired 
product. In the case of unsubstituted indoles, both 2- and 3-trifluoromethylated products were 
formed, this not being unexpected (Table 15). In light of the range of side products formed in 
some of these reactions, we decided to screen 1-methylbenzimidazole as a substrate and we again 
obtained a range of trifluoromethylated products, but in this case, we characterized and isolated 
each of them (Table 16). 
Table 14. Substrate screening of 3-substituted indoles.a 
 
 
36i, 3% (10%) 
 
36j, (5%) 
 
36k, 25% (39%) 
a Indole (0.3 mmol, 1 equiv.), sodium trifluoromethylsulfinate (0.6 mmol, 2 eq uiv.), 2-tert-butyl 
anthraquinone (0.06 mmol, 0.2 equiv.), ammonium carbonate (0.18 mmol, 0.6 eq uiv.), HFIP (0.075 
mmol, 0.25 equiv.), and acetonitrile (3 mL, 0.1 M) in a sealed quartz tube with a balloon of air  and 
irradiated at 255 nm for 24 h. b Isolated yields; values in parentheses are yields obtained using 
quantitative 1H-NMR spectroscopy.  
Table 15.  Substrate screening of unsubstituted indoles.a 
 
 
36l, (12%) 
 
36l’, (26%) 
 
36m, (4%) 
 
36m’, (5%) 
a Indole (0.3 mmol, 1 equiv.), sodium trifluoromethylsulfinate (0.6 mmol, 2 eq uiv.), 2-tert-butyl 
anthraquinone (0.06 mmol, 0.2 equiv.), ammonium carbonate (0.18 mmol, 0.6 eq uiv.), HFIP (0.075 
mmol, 0.25 equiv.), and acetonitrile (3 mL, 0.1 M) in a sealed quartz tube with a balloon of air  and 
irradiated at 255 nm for 24 h. b  Values in parentheses are yields obtained using quantitative 1H-
NMR spectroscopy. 
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In order to probe the reaction in more detail, the regioselectivity of the aromatic CF3 radical 
addition was evaluated using DFT calculations at the (U)BP86/TZ2P level216–218 with the ADF 
program.219,220 Acetonitrile (ε = 37.5) was simulated in all optimizations using the COSMO 
solvation model.221–224 Gibbs free energies (ΔG) account for zero-point and thermal energy, 
changes in volume and pressure, and entropy effects at 298.15 K and 1 atm. The regioselectivity 
of the trifluoromethylation of 1-methyl-2-phenyl indole (35a) and 1-methylbenzimidazole (37) 
have been evaluated, as the former serves as a good model system with a common core structure 
and the latter has all other identified minor products fully characterized (Table 16). 
Table 16. Product distribution obtained in the reaction of 1-methylbenzimidazole (37).a 
 
 
36n, 7% 
 
36o, 19% 
 
36p + 36p’, 6% (1:1 ratio) 
 
36r, 3% 
a 1-Methylbenzimidazole (0.3 mmol, 1 equiv.),  sodium trifluoromethylsulfinate (0.6 mmol, 2 
equiv.), 2-tert-butyl anthraquinone (0.06 mmol, 0.2 equiv.), ammonium carbonate (0.18 mmol, 0.6 
equiv.), HFIP (0.075 mmol, 0.25 equiv.), and acetonitrile (3 mL, 0.1 M ) in a sealed quartz tube with 
a balloon of air and irradiated at 255 nm for 24 h. b  Isolated yields.  
The potential energy surface was calculated based on the generally accepted model of the 
photochemical generation of the CF3 radical (38) and subsequent addition to the indole (35a) or 
benzimidazole (37). This approach is in line with the method proposed by Houk and co-workers, 
which assumes that the energy associated with the aromatic CF3 radical adduct (36.IC) is an 
adequate approximation to the energy of the actual transition state (Figure 35).225 The low 
experimentally and computationally determined barriers reported for CF3 radical additions 
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motivate the use of this approach.226–229 Barriers are expected to be further lowered due to the 
stabilizing influence of the aromatic rings.230 
 
Figure 35. Reaction scheme for CF3 functionalization. HAr = 35a or 37. 
The Gibbs free energies (∆GIC – intermediate complex, ∆GP – products) associated with 
trifluoromethyl radical addition to compounds 35a and 37 are shown in Table 17. These substrates 
are primarily trifluoromethylated at C3 and C4, respectively, and analysis of the ∆GIC values reveals 
that radical addition at those positions is preferred compared to the other possible sites. The 
reaction energy (∆GP) does not correlate with the experimentally observed major product, thus 
these reactions likely operate under kinetic control. The low barrier for CF3 radical addition leads 
to the intermediate complex (IC), which is then rapidly quenched via a highly exergonic reaction 
leading to the product (P). Interestingly, CF3 radical addition to 35a at C3 has a very small ∆∆GIC 
value (ca 0.3 kcal mol-1), possibly explaining the poor yields. 
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Table 17. Computed reaction energies for the stationary points of 35a and 37 [intermediate complexes (IC) and 
products (P)]. Energetically preferred pathways are highlighted in bold.a 
Position: 2 3 4 5 6 7 
 
IC - –8.9 –8.6 –2.2 –5.9 –3.1 
P - –60.4 –61.7 –63.8 –61.8 –55.9 
 
IC –14.8 - –16.6 –11.6 –13.7 –12.7 
P –65.3 - –70.8 –72.3 –71.9 –66.9 
a Gibbs free energies (kcal mol -1, 298.15 K, 1 atm) computed at the COSMO(MeCN)-(U)BP86/TZ2P 
level.  
Focusing on the analysis of compound 37, for which we have experimentally identified and 
quantified all possible regioisomers, the same general trends in regioselectivity are observed as 
initially shown for 35a. The ∆GIC energies correctly rationalize the same qualitative trends in 
regioselectivity. Nevertheless, while the computations reproduce the correct trend, a systematic 
overestimation of the regioselectivity is observed (Table 18), i.e. the computed values of ∆∆GIC 
are consistently too large. This may be the result of neglecting the TS associated with CF3 radical 
addition, with a ∆∆GTS of merely 0.5 kcal mol-1 being sufficient to reproduce the observed ratio 
between positions 4 and 7. 
Table 18. Experimental (Exp.) and computed (Comp.) product ratios. Computed ratios based on ∆∆GIC.a 
Position: 2 4 5 6 7 
Exp. 0.20 0.54 0.17a 0.09 
Comp. 0.06 0.93 0.00 0.01 0.00 
a Combination of regioisomer 5 and 6. 
Next, we rationalized the preference for the observed reaction sites based on a frontier 
molecular orbital (FMO) analysis. The key FMO interaction is a two-center/three-electron bond 
between the HOMO35a,37 and SOMOCF3, with calculated energy gaps of 1.7 and 1.1 eV for the IC 
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of 35a and 37, respectively (Figure 36). The other FMO interaction, between the SOMOCF3 and 
LUMO35a,37, is weaker with larger energy gaps (35a – 4.0 eV; 37 – 4.0 eV). The small HOMO35a,37–
SOMOCF3 gap, combined with a favorable orbital overlap (35a – 0.29; 37 – 0.27), emphasizes the 
established electrophilic nature of the CF3 radical and the primary role of the SOMOCF3 as an 
electron-acceptor, rather than donor.231 Additionally, we found that the carbon with the largest 
HOMO35a,37 coefficient is also the one that leads to the kinetically favorable IC (Figure 37, 35a – 
C3, 37 – C4). This evidence highlights the key FMO interactions underpinning the observed 
reactivity of the indoles in this radical addition reaction. 
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Figure 36. Frontier molecular orbital (FMO) gaps for 35a, 37, and CF3 (38) and overlaps of the kinetically favored 
intermediate complexes (C3 and C4, respectively). FMO overlap and energy gaps are based on restricted open-shell 
molecular fragments.  
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We have developed a methodology for the direct introduction of the trifluoromethyl group on 
to indole scaffolds. The procedure involves the use of sodium trifluoromethylsulfinate (Langlois 
reagent) as the source of the trifluoromethyl radical and is performed photochemically with 2-tert-
butylanthraquinone as a photocatalyst. We have also probed the reaction computationally. Our 
computed reaction kinetics successfully predict the formation of the experimentally observed 
product and, in the case of 1-methylbenzimidazole, even reproduce the same qualitative trends in 
regioisomer preference. This regioselectivity was rationalized by means of an orbital analysis, 
which highlighted the key HOMO35a,37|SOMOCF3 interaction due to its small energy gap and 
favorable overlap. Additionally, we discovered that the carbon associated with the kinetically most 
favorable site consistently has the largest contribution to the HOMO35a,37. This orbital analysis 
serves as an affordable method to predict the experimental regioselectivity of this trifluoromethyl 
radical addition reaction. 
 
Figure 37. Qualitative representation of the HOMO35a,37 and LUMO35a,37 based on calculated MO coefficients. 
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Closing Remarks 
In closing, a variety of synthetic methodologies have been explored. We explored the oxidation 
of terminal diols, utilizing the green oxidant 4-acetamido-2,2,6,6-tetramethylpiperidin-1-
oxoammonium tetrafluoroborate salt, Bobbitt’s salt. To improve the overall recyclability of the 
salt and its reduced derivatives, we developed conditions which utilize the hydroxyammonium 
salt, recovered from the oxidation of diols, as a catalyst to affect oxidations of a variety of 
substrates. We also sought to aid in the enhancement of the reactivity of Bobbitt’s salt, and so 
explored the effects that counterions exhibit upon these types of oxidations. This study suggests 
that the effect counterions have on the oxidation is related to the hydrogen bond accepting ability, 
β, of the counterion. Moving on, we developed a green method for the amidation of unactivated 
esters with amines using catalytic amounts of LiOH and microwave technology for safe heating 
and efficient stirring at high temperature. This method is inherently safer and, in general, 
completed in a shorter time than many other reported methods. Switching fields, we began 
investigating an area that no one thought to explore with selenium monoxide (SeO) transfer 
reagents, in collaboration with the Grainger group in the University of Birmingham, UK. During 
this project we found that we were able to make the SeO transfer reagents, however it appears that, 
at this point in time, SeO is too reactive to be trapped by the dienes that we chose to screen. Finally, 
we also delved into the fields of photochemistry and organofluorine chemistry by developing a 
method for the photo-mediated trifluoromethylation of indoles using sodium 
trifluoromethanesulfinate (Langlois reagent). While our method was not better than any other 
reported methods, we collaborated with Dr. Trevor Hamlin in the University of Amsterdam to 
study the regiochemistry computationally. The computations indicated that the reaction is under 
kinetic control, as the major product was that which has the most stable radical intermediate. He 
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looked at frontier molecular orbital theory to identify a key interaction between the HOMO of the 
indole and the SOMO of the radical trifluoromethyl group. Qualitatively, the carbon which has the 
largest contribution to the HOMO of the indole is the carbon which leads to the desired product.  
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Appendix I: General Experimental Remarks 
Reactions were performed using a CEM Discover microwave unit. NMR Spectra (1H, 13C) 
were performed at 298 K on either a NMR data was acquired from a Bruker AVANCE III 400 
NanoBay (400 MHz for 1H, 100 MHz for 13C, 376 MHz for 19F) or a Bruker AVANCE 300 (300 
MHz for 1H, 75 MHz for 13C). 1H-NMR Spectra obtained in CDCl3 were referenced to residual 
non-deuterated chloroform (7.26 ppm), 2.50 ppm for DMSO-d6, 11.5 for TFA-d, or 4.79 ppm for 
D2O in the deuterated solvent. 13C- NMR Spectra obtained in CDCl3 were referenced to 
chloroform (77.16 ppm), 39.52 ppm for DMSO-d6, 39.39 ppm for DMSO (1 μl added as an 
external reference) in D2O, or 164.2 (center of quartet) for TFA-d. 19F-NMR spectra were 
referenced to hexafluorobenzene (–164.9 ppm or -162.4 ppm) or -76.0 for TFA-d. Reactions in 
DCM could be monitored with 1H NMR by irradiating the solvent peak at 5.30 ppm, and in general 
reactions were monitored by NMR until completion. Except where noted, yields refer to isolated 
yields. When noted, quantitative NMR data (NMR yield) was acquired for difficult to extract 
samples using the Bruker zg pulse program with a 90° pulse length of 15.63 μsec and recycle delay 
of 5 sec for 16 scans. Gram amounts were calculated from the ERETIC (Electronic REference To 
access In vivo Concentrations) module of Topspin 4.1 using 1,2,3,4-tetramethylbenzene (83.44 
mM) as a standard. Flash chromatography and silica plugs utilized Dynamic Adsorbents Inc. Flash 
Silica Gel (60Å porosity, 32-63 µm). TLC analysis was performed using hexanes/ethyl acetate as 
the eluent and visualized using iodine. IR spectra were obtained on a Brüker ALPHA FT-IR 
spectrometer. GC-MS data was acquired from an Agilent 7820A gas chromatograph with a 2 min 
solvent delay followed by a 20 °C/min ramp from 50 to 275 °C and analyzed with Agilent 
ChemStation software. EPR data was acquired from a Bruker EMX nano spectrometer operating 
with a center field of 3200 G and 200 G sweep width. A 1D field sweep acquisition was obtained 
for one scan. Quantitation of the radical concentration was obtained from the quantitation module 
of Xenon nano 1.2a2 by calculating the number of spins via double integration of the observed 
signal for a sample with a diameter of 1 mm, center at 125 mm, and length of 1 mm. A known 
concentration of N-acetamido-TEMPO (31 mM) in 95:5 MeCN / H2O was used for comparison. 
An Elementar Vario Macro Cube for CHN mass percentage analysis was utilized for analysis. The 
combustion train consisted of a copper oxide combustion tube at 1150°C in series with a tungsten 
oxide reduction tube at 850°C. The train was purged with 198 sccm UHP He and 6 sccm O2. ~ 
2mg of sample was packed into cleaned aluminum foil boats. Four combustion trials were run on 
each sample and averages with std. deviations are reported. Every 10 samples, the instrument was 
validated by a composition analysis of sulfonamide. HRMS was measured using QStar Elite (AB 
Sciex) with Electrospray Quadrupole-Time-of-Flight Mass Spectrometer in ES positive mode. 
LED lights were purchased from BSOD and quartz tubes (length 100 mm, O.D. 13 mm) were 
purchased from VWR. Power supply (12V DC, 60 W), LC2 locking male connector CPS adapter 
cable, and clip fan (2-speed clip fan, 6-inch) were purchased through Amazon. 
Quantum mechanical calculations were performed using Gaussian 09.101 All optimized 
geometries were calculated using DFT(B3LYP)/6-31G(d).102,104–106,232 In the case of the 
trifluoromethylation of indoles, calculations were performed at the (U)BP86/TZ2P level of 
theory216–218 with the ADF program,219,220 and acetonitrile (ε = 37.5) was simulated in all 
optimizations using the COSMO solvation model.221–224 Stationary points were characterized by 
frequency calculations at 298 K, with structures at energy minima showing no negative 
frequencies. Gibbs free energies are obtained by the sum of electronic and zero-point energies. 
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The zero-point energy correction factor was obtained using frequency analysis. All energy values 
shown are in kcal mol-1 or Hartrees, as specified. β values were calculated at the (B3LYP)/6-
311+G(d,p)233 level of theory. 
Chemicals: 
Deuterated chloroform was purchased from Cambridge Isotope Laboratories and stored over 
4Å molecular sieves. Unless otherwise stated, chemicals were purchased from commercial 
suppliers with exception of the oxoammonium salt 4-acetamido-2,2,6,6-tetramethylpiperidine-1-
oxoammonium tetrafluoroborate, 1, which was prepared according to an established protocol.13 
Reactions performed on selenium containing compounds were performed under an inert 
atmosphere using anhydrous solvents (THF, Et2O, and Hexanes were dried over sodium and 
benzophenone and distilled prior to use). Any indoles not commercially available were synthesized 
using the Fischer-Indole synthesis,234 or N-protected using a general protection strategy.235 
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Appendix II: Oxidation of Terminal Diols Experimental Details 
Oxidation of Diols 
 
 
 
GENERAL PROCEDURE 
 
1,10-Decanedial (4a) (1.294 g, 76%) was prepared from 1,10-decanediol (1.743 g, 
10 mmol, 1 equiv.). To a 250-mL round bottom flask equipped with a stir bar was 
added 1,10-decanediol and dichloromethane (100 mL, 0.1 M in diol). After stirring 
for 5 min, the oxoammonium salt (6.302 g, 21 mmol, 2.1 equiv.) was added, followed by silica gel 
(2.644 g, 2 mass equiv. to substrate). The flask was sealed with a rubber septa and the mixture was 
allowed to stir until the slurry became white. Once white, the slurry was filtered through a thin pad 
of silica gel. The solid was washed using DCM. The DCM was removed in vacuo by rotary 
evaporation to afford the pure dialdehyde product, 1,10-decanedial, as a pale yellow oil.236 
 
1H NMR (400 MHz, CDCl3) δ ppm 9.74 (t, J=1.82 Hz, 2 H), 2.40 (td, J=1.77, 7.30 Hz, 4 H), 1.56 
- 1.65 (m, 4 H), 1.30 (s, 8 H). 
13C NMR (100 MHz, CDCl3) δ ppm 203.0, 44.1, 29.4, 29.3, 22.3. 
 
1,9-Nonanedial (4b) (0.690g, 83%) was prepared from 1,9-nonanediol (0.801 g, 5 
mmol, 1 equiv.) using the general procedure to afford the product as a colorless 
oil.237 
 
1H NMR (400 MHz, CDCl3) δ ppm 9.61 (bs, 2H), 2.29 (t, J = 7.0 Hz, 4H), 1.48 (m, 4H), 1.19 (bs, 
6H).  
13C NMR (100 MHz, CDCl3) δ ppm 201.9, 43.0, 28.3, 28.1, 21.2. 
 
2,8-Octanedial (4c) (1.201 g, 84%) was prepared from 1,8-octanediol (1.462 g, 10 
mmol, 1 equiv.) using the general procedure to afford the product as a colorless 
oil.238 
 
1H NMR (400 MHz, CDCl3) δ ppm 9.72 (t, J=1.75 Hz, 2 H), 2.39 (td, J=1.70, 7.25 Hz, 4 H), 1.54 
- 1.64 (m, 4 H), 1.27 - 1.35 (m, 4 H). 
13C NMR (100 MHz, CDCl3) δ ppm 202.8, 43.9, 29.0, 22.0. 
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Heptanedialdehyde (4d) (0.826 g, 64%) was prepared from 1,7-heptanediol (1.322 
g, 10 mmol, 1 equiv.) using the general procedure to afford the product as a pale 
yellow oil.239 
 
1H NMR (400 MHz, CDCl3) δ ppm 9.73 (t, J=1.63 Hz, 2 H), 2.41 (td, J=1.61, 7.27 Hz, 4 H), 1.62 
(quin, J=7.52 Hz, 4 H), 1.28 - 1.39 (m, 2 H). 
13C NMR (100 MHz, CDCl3) δ ppm 202.5, 43.8, 28.8, 21.9. 
 
Adipaldehyde (3e) (26%) was prepared from 1,6-hexanediol (1.182 g, 10 mmol, 1 
equiv.) using the general procedure to afford the products adipaldehyde and 
caprolactone (4e) as an inseparable mixture of a colorless oil (0.874 g, 87%).239 
 
1H NMR (400 MHz, CDCl3) δ ppm 9.73 (t, J = 1.5 Hz, 2H), 2.44 (m, 4H), 1.62 (m, 4H).  
13C NMR (100 MHz, CDCl3) δ ppm 202.1, 43.7, 21.6. 
 
Caprolactone (5e) (74%)43 
 
1H NMR (400 MHz, CDCl3) δ ppm 4.32 (t, J=7.06 Hz, 2 H), 2.47 (t, J=8.26 Hz, 2 H), 
2.24 (quin, J=7.58 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) δ ppm 176.4, 69.5, 34.7, 23.1, 29.5, 29.1. 
 
δ-Valerolactone (5f) (0.817 g, 82%) was prepared from 1,5-pentanediol (0.994 g, 10 
mmol, 1 equiv.) using the general procedure to afford the product as a white solid.43  
 
1H NMR (400 MHz, CDCl3) δ ppm 4.32 (t, J=5.62 Hz, 1H), 2.53 (t, J=6.97 Hz, 1H), 1.86 (m, 
1H).  
13C NMR (100 MHz, CDCl3) δ ppm 171.5, 69.4, 29.8, 22.3, 19.0. 
 
Butyrolactone (5g) (0.523 g, 61%) was prepared from 1,4-butanediol (0.901 g, 10 
mmol, 1 equiv.) using the general procedure to afford the product as a colorless oil.43 
 
1H NMR (400 MHz, CDCl3) δ ppm 4.32 (t, J=7.06 Hz, 2 H), 2.47 (t, J=8.26 Hz, 2 H), 2.24 (quin, 
J=7.58 Hz, 2 H).  
13C NMR (100 MHz, CDCl3) δ ppm 177.9, 68.7, 28.0, 22.4. 
69 
 
2-Hydroxymethyl-1,3-dioxolane (6) (1.363g, 65%) was prepared from freshly 
distilled ethylene glycol (2.483 g, 40 mmol, 1 equiv.), using the following 
modification the general procedure: Ethylene glycol was stirred in DCM (200 mL, 
0.2 M in diol), then 0.55 equiv. (6.602 g, 22 mmol) oxoammonium salt was added, followed by 
1.98 g silica gel (0.8 mass equiv. to the substrate).  The mixture was refluxed for 20 h, at which 
point the white slurry was filtered through a pad of silica gel. Due to volatility, the solvent was 
removed via evaporation through a 30 cm Vigreux column to afford the product as a pale yellow 
oil.78 
 
1H NMR (400 MHz, CDCl3) δ ppm 4.96 (t, J=3.24 Hz, 1 H), 3.85 - 4.04 (m, 4 H), 3.67 (br. s, 1 
H), 3.64 (br. d, J=2.40 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) δ ppm 103.2, 65.1, 62.7. 
 
2-Hydroxyethyl-1,3-dioxane (7) (0.485 g, 73%) was prepared from 1,3-
propanediol (0.761 g, 10 mmol, 1 equiv.) using the following modifications to 
the general procedure: 0.5 equiv. (1.501 g, 5 mmol) oxoammonium salt was 
added, followed by 1.501 g silica gel (1 mass equiv. to the oxoammonium salt). The product was 
afforded as a yellow oil.72 
 
1H NMR (400 MHz, CDCl3) δ ppm 4.73 (t, J=4.84 Hz, 1 H), 4.09 (dd, J=5.06, 10.56 Hz, 2 H),  
3.69 - 3.80 (m, 4 H), 2.62 (br. s, 1 H), 2.01 - 2.14 (qt, J=1.28, 13.42 Hz, 1 H), 1.84 (q, J=5.28 Hz, 
2 H), 1.30 - 1.37 (dm, J=1.28, 13.42 Hz, 1 H). 
13C NMR (100 MHz, CDCl3) δ ppm 102.0, 67.1, 58.9, 37.4, 25.9. 
 
Aldol Reaction 
 
1-Cycloheptene-1-carboxaldehyde (9) (1.06 g, 50%) was prepared from the oxidation of 1,8-
octanediol (2.5 g, 17.1 mmol, 1 equiv.) using the procedure outlined above for oxidation, followed 
by a subsequent Aldol reaction. To the resulting solution of 1,8-octanedial, filtered off from the 
silica gel and oxoammonium salt, was added L-proline (1.5 g, 13 mmol, 0.76 equiv.) and 1.5 g of 
activated 4Å molecular sieves. The mixture was refluxed for 2 days, then filtered through a pad of 
silica gel. Due to volatility, the solvent was removed via evaporation through a 30 mm Vigreux 
column to afford the product as an orange oil.240 
 
1H NMR (400 MHz, CDCl3) δ ppm 6.83 (t, J = 6.3 Hz, 1H), 2.42 (q, J = 5.9 Hz, 1H), 2.37 (t, J = 
5.6 Hz, 1H), 1.75 (m, 1H), 1.56 (m, 1H), 1.45 (m, 1H). 
13C NMR (100 MHz, CDCl3) δ ppm 194.5, 157.2, 147.6, 31.9, 30.1, 26.2, 26.2, 24.0. 
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Wittig Reaction 
 
1,10-Undecadiene (10) (0.655 g, 86%) was prepared from the oxidation of 1,9-nonanediol (0.801 
g, 5 mmol, 1 equiv.) using the procedure outlined above for oxidation, followed by a subsequent 
Wittig reaction. The Wittig reagent, methylenetriphenylphosphorane, was prepared by stirring 
methyltriphenylphosphonium bromide (5.355 g, 15 mmol, 3 equiv. to diol) and potassium t-
butoxide (1.68 g, 15 mmol, 3 equiv. to diol) in dry diethyl ether (75 mL, 0.2 M) for 7 hours. The 
filtered solution of 1,9-nonanedial was added directly to this solution and the mixture was filtered 
overnight. The solution was filtered and the solvent was removed in vacuo, resulting in a thick oil. 
Pentane (50 mL) was added to precipitate excess triphenylphosphine and the oxide byproduct. The 
resulting slurry was filtered through silica and the solvent was removed in vacuo to afford the 
product as a colorless oil.58 
 
1H NMR (400 MHz, CDCl3) δ ppm 5.84 (tq, J = 6.8, 14.8 Hz, 2H), 5.00 (dd, J = 1.9, 17.1 Hz, 
2H), 4.94 (dd, J=1.4, 8.00 Hz, 2H), 2.05 (q, J = 7.1 Hz, 4H), 1.34 (m, 10H).  
13C NMR (100 MHz, CDCl3) δ ppm 139.5, 114.4, 34.1, 29.7, 29.4, 29.3. 
 
Grignard Reaction 
 
2,11-Dodecanediol (11) (0.900 g, 89%) was prepared from 1,10-decanediol (0.870 g, 5 mmol, 1 
equiv.) using the procedure outlined above for oxidation, followed by a subsequent Grignard 
reaction. A solution of 1,10-decanedial, filtered off of the silica gel and oxoammonium salt, was 
added to a solution of commercially available 3 M methylmagnesium chloride in anhydrous diethyl 
ether (7 mL, 21 mmol, 4.2 equiv.). The solution was stirred overnight, then aliquots (~25 drops) 
of aqueous saturated potassium carbonate were added dropwise about 10 min apart. After 5 
aliquots a white precipitate formed. The solution was filtered, and the solvent removed in vacuo 
to afford the product as white solid.58  
 
1H NMR (400 MHz, CDCl3) δ ppm 3.72 (m, 2H), 1.98 (br. s, 2 H), 1.33 (m, 16H), 1.13 (d, J=8.00 
Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ ppm 68.2, 29.8, 29.7, 29.5, 26.0, 23.6. 
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Oxidative Functionalization 
 
Bis(1,1,1,3,3,3-hexafluoropropan-2-yl) heptanedioate (12) (0.768 g, 77%) was prepared from 
1,7-heptanediol (0.676 g, 5 mmol, 1 equiv.) using the procedure outlined above for oxidation, 
followed by subsequent oxidative functionalization using previously published method.68 To the 
resulting solution of 1,7-heptanedialdehyde (5 mmol), filtered off the silica gel and oxoammonium 
salt slurry, was added pyridine (10.085 g, 127.5 mmol, 25.5 equiv.) and hexafluoroisopropanol 
(5.041 g, 30 mmol, 6 equiv.). After stirring for 5 min, the oxoammonium salt (7.502 g, 25 mmol, 
5 equiv.) was added all at once. The flask was sealed with a rubber septum and stirred until the 
solution turned red. Once the reaction was determined complete by TLC, the 
hexafluoroisopropanol and DCM was removed in vacuo. Pentane or diethyl ether was added to the 
resulting slurry to precipitate the nitroxide. After stirring for 5 min, the solution was filtered 
through a fritted funnel with medium porosity and transferred to a separatory funnel. The organic 
layer was washed with 1 M HCl (2×150 mL), deionized water (150 mL), and brine (150 mL). The 
organic layer was dried over sodium sulfate, and the solvent was removed in vacuo, affording the 
ester as a pale yellow oil. (Note: The DCM may be removed in vacuo before the oxidative 
functionalization, however the reaction is slightly exothermic. With this particular substrate, the 
formation of the nitroxide, and subsequent red color, occurs within 5 min when concentrated and 
within 30 min when dilute).  
 
1H NMR (400 MHz, CDCl3) δ ppm 5.77 (m, J = 6.1 Hz, 2H), 2.53 (t, J = 7.3 Hz, 4H), 1.74 (m, J 
= 7.6 Hz, 2H), 1.42 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ ppm 170.3, 120.7 (q, J(C-F3)2 = 282.77 Hz), 66.7 (m, JO-CH-
(CF3)2=34.74 Hz), 33.2, 28.2, 24.3. 
19F NMR (376 MHz, CDCl3) δ ppm -76.57 (s, 6 F), -76.56 (s, 6 F) 
HRMS (ESI+), calcd for C13H12F12O4 [MH]+, calc. 461.0622, obs. 461.0635; [MNH4]+, calc. 
478.0888, obs. 478.0888 
FT-IR (neat, ATR, cm-1) 2996-2852 (w, b) 1774 (s) 1381 (m) 1357 (m) 1287 (s) 1267 (m) 
 1229 (s) 1193 (vs) 1103 (vs) 901 (s) 730 (w) 689 (s) 529 (w) 488 (w) 
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Appendix III: Hydroxyammonium Salt Experimental Details 
Iodometric titration of commercially available NaOCl solutions241 
An aliquot of bleach (25 mL) was diluted with water (15 mL), and a solution of 10% KI (20 
mL) was added. The resulting solution should remain colorless and clear, and otherwise discarded. 
A buret was charged with Na2S2O6 solution (0.26 M, 4.11 g Na2S2O3 in 100 mL H2O). To the 
bleach solution was added 1% aqueous starch (2 mL) and 2 M HCl (20 mL). The resulting dark 
blue bleach solution was immediately titrated with the Na2S2O6 solution. An average from five 
trials was used to calculate the concentration of commercial bleach used.  
 
EPR Quantitation of 3 
 
Samples were taken directly from the reaction mixture using a 50 μL capillary, measured to 
the 50 μL line, and measured within 10 minutes on the EPR spectrometer. The calculated number 
of spins was then used in the following three equations in order to calculate the amount of radical 
observed based on how much hydroxyammonium salt was measured into the reaction: 
(1)   
X
6.7 mg/mL
=
Spins
1.615 ×10^17
   (2)  X mg mL-1 × 3.33 mL = Y mg  (3)  
Y mg
10.9 mg
× 100 = Z% 
Where, for equation 1, 6.7 mg mL-1 and 1.615 × 1017 are the concentration and absolute number 
of spins measured from the standard, spins is the measure spins given by the EPR, and X is the 
concentration of radical present to solve for. For equation 2, 3.33 mL is the volume of the reaction. 
For equation 3, 10.9 mg is the amount of hydroxyammonium salt measured into the reaction. 
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General method for the synthesis of hydroxyammonium salt 3 
 
 
4-Acetamido-2,2,6,6-tetramethylpiperidine-1-oxoammonium tetrafluoroborate (1) was 
prepared according to literature procedure.13 4-Acetamido-2,2,6,6-tetramethylpiperidine-N-
hydroxyammonium tetrafluoroborate salt 3 was prepared by stirring 1 in excess ethanol until it 
turned white (it is convenient to allow it to stir overnight). This is then filtered, rinsed with a little 
more ethanol, and dried as a white powder in near quantitative yields. This can be used without 
further purification. 
 
1H NMR (400 MHz, Deuterium Oxide) δ 4.33 (tt, J = 12.5, 3.9 Hz, 1H), 2.32 – 2.19 (m, 2H), 2.02 
(s, 3H), 1.82 (t, J = 13.2 Hz, 2H), 1.51 (d, J = 21.7 Hz, 12H). 
13C NMR (101 MHz, Deuterium Oxide) δ 174.1, 68.9, 42.1, 40.0, 27.8, 22.6, 19.9. 
19F NMR (376 MHz, Deuterium Oxide) δ -149.39, -149.44 (d, J = 1.2 Hz) 
Elemental analysis: Anal. Calcd for C11H23BF4N2O2: C, 43.73; H, 7.67; N, 9.27. Found: C,39.71; 
H, 7.15; N, 8.58. 
HRMS (ES+), calcd for C11H23N2O2, calc. 215.1760, obs. 215.1578 
 
General Method for the oxidation of alcohols to aldehydes and ketones 14 
A vial, equipped with a stir bar, was charged with desired alcohol 13 (2.5 mmol, 1 equiv.) and 
3 (27.2 mg, 0.09 mmol, 0.036 equiv.), and then a solution of 99:1 acetonitrile / water (8.33 mL, 
0.3 M in 13) added. With stirring, solid NaOCl · 5 H2O (0.535 g, 3.25 mmol, 1.3 equiv.) was added 
in portions over 10 minutes, and the reaction monitored by 1H-NMR spectroscopy through the 
removal of aliquots. When the reaction was deemed complete, the product mixture was diluted 
with Et2O (5 mL) and transferred to a separatory funnel. The layers were separated, the aqueous 
layer was extracted with Et2O (3 x 25 mL), and the combined organic layer washed with 1 M HCl 
(25 mL), saturated NaHCO3 (25 mL), and brine (25 mL), then dried over anhydrous Na2SO4 and 
concentrated in vacuo to afford the pure aldehyde or ketone 14. 
 
General Method for the oxidation of alcohols to carboxylic acids 16 
A vial equipped with a stir bar was charged with alcohol 13 (2.5 mmol, 1 equiv.) and 3 (27.2 
mg, 0.09 mmol, 0.036 equiv.), and then a solution of 95:5 acetonitrile / water (8.31 mL, 0.3 M in 
13) added. With stirring, solid NaOCl · 5 H2O (1.028 mg, 6.25 mmol, 2.5 equiv.) was added as a 
single portion. The reaction was monitored by 1H-NMR spectroscopy through the removal of 
aliquots. When the reaction was deemed complete, the product mixture was diluted with Et2O (10 
mL) and transferred to a separatory funnel and shaken for 30 seconds with a solution of sodium 
bisulfite242 (10 mL). The resulting solution was extracted with deionized water (20 mL), separated, 
and the aqueous layer extracted with Et2O (3 x 25 mL). The combined organics were washed with 
1 M HCl (25 mL) and water (3 x 25 mL), then dried over sodium sulfate and the solvent removed 
in vacuo to afford the pure carboxylic acid 16. 
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III. Characterization Data 
3-Phenylpropanal (14a) was prepared from 3-phenyl-1-propanol using 
general method A with a reaction time of 45 min. It was isolated as a colorless 
oil (0.261 g, 78%).28 
 
1H NMR (300 MHz, CDCl3) δ 9.7t9 (s, 1H), 7.40 – 7.22 (m, 2H), 7.22 – 7.06 
(m, 3H), 3.03 – 2.86 (m, 2H), 2.82 – 2.65 (m, 2H). 
13C NMR (75 MHz, CDCl3) δ 201.6, 140.4, 128.6, 128.3, 126.4, 45.3, 28.2. 
 
Cinnamaldehyde (14b) was prepared from cinnamyl alcohol using general 
method B with a reaction time of 120 min. Yield by NMR (65%).243  
 
1H NMR (400 MHz, CDCl3) δ 9.71 (d, J = 7.7 Hz, 1H), 7.63 – 7.54 (m, 2H), 
7.53 – 7.47 (m, 1H), 7.48 – 7.36 (m, 2H), 6.73 (dd, J = 15.9, 7.7 Hz, 1H).  
13C NMR (101 MHz, CDCl3) δ 193.8, 152.9, 134.2, 131.4, 129.2, 128.8, 128.6. 
 
Benzaldehyde (14c) was prepared from benzyl alcohol using general method A with 
a reaction time of 30 min. It was isolated as a white solid (0.098 g, 92%).42 
 
1H NMR (400 MHz, CDCl3) δ 10.02 (s, 1H), 7.90 – 7.86 (m, 2H), 7.63 (tt, J = 7.5, 
1.2 Hz, 1H), 7.53 (t, J = 7.5 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 192.3, 136.4, 134.4, 129.7, 129.0. 
 
2-Bromobenzaldehyde (14d) was prepared from 2-bromobenzyl alcohol using 
general method A with a reaction time of 30 min. It was isolated as a pale yellow oil 
(0.417 g, 90%).244 
 
1H NMR (400 MHz, CDCl3) δ 10.37 (s, 1H), 7.96 – 7.87 (m, 1H), 7.68 – 7.62 (m, 
1H), 7.49 – 7.40 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 191.9, 135.4, 134.0, 133.6, 129.9, 128.0, 127.2. 
 
3-Methoxybenzaldehyde (14e) was prepared from 3-methoxybenzyl alcohol 
using general method B with a reaction time of 2 h. It was isolated as a pale 
yellow oil (0.279 g, 82%).245  
 
1H NMR (400 MHz, CDCl3) δ 9.96 (s, 1H), 7.50 – 7.40 (m, 2H), 7.40 – 7.35 (m, 1H), 7.16 (dt, J 
= 6.5, 2.7 Hz, 1H), 3.85 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 192.3, 160.3, 137.9, 130.1, 123.6, 121.6, 112.2, 55.6.
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4-Methoxybenzaldehyde (14f) was prepared from 4-methoxybenzyl alcohol 
using general method B with a reaction time of 2 h. It was isolated as a pale 
yellow oil  (0.299 g, 80%).42 
 
1H NMR (400 MHz, CDCl3) δ 9.88 (s, 1H), 7.85-7.81 (m, 2H), 7.01-6.98 (m, 
2H), 3.88 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 190.9, 164.7, 132.1, 130.1, 114.4, 55.7. 
 
4-tert-Butylbenzaldehyde (14g) was prepared from 4-t-butylbenzyl alcohol 
using general method A with a reaction time of 90 min. It was isolated as a 
colorless oil (0.393 g, 97%).28 
 
1H NMR (400 MHz, CDCl3) δ 9.98 (s, 1H), 7.83-7.80 (m, 2H), 7.57-7.54 (m, 
2H), 1.36 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 192.1, 158.5, 134.2, 129.8, 126.1, 35.4, 31.2. 
 
Acetophenone (14h) was prepared from 1-phenylethanol using general method A 
with a reaction time of 30 min. It was isolated as a colorless oil (0.292 g, 97%).42 
 
1H NMR (300 MHz, CDCl3) δ 7.97-7.95 (m, 2H), 7.56 (tt, J = 7.7, 1.7 Hz, 1H), 7.46 
(t, J = 7.5 Hz, 2H), 2.61 (s, 3H). 
13C NMR (75 MHz, CDCl3) δ 198.2, 137.2, 133.2, 128.6, 128.4, 26.7. 
 
Phenyl propargyl ketone (14i) was prepared from 1-phenyl-2-propyn-1-ol using 
general method A with a reaction time of 45 min. It was isolated as a pale orange 
solid (0.321 g, 99%).246  
 
1H NMR (400 MHz, CDCl3) δ 8.24 – 8.04 (m, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 Hz, 
2H), 3.45 (s, 1H).  
13C NMR (101 MHz, CDCl3) δ 177.4, 136.2, 134.5, 129.7, 128.7, 80.9, 80.3. 
 
4-Methoxyacetophenone (14j) was prepared from 1-(4-
methoxyphenyl)ethanol using general method A with a reaction time of 2 h. It 
was isolated as a yellow oil (0.363 g, 97%).247 
 
1H NMR (400 MHz, CDCl3) δ 7.94-7.90 (m, 2H), 6.94-6.90 (m, 2H), 3.85 (s, 
3H), 2.54 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 196.8, 163.6, 130.7, 130.5, 113.8, 55.6, 26.4.
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4-Trifluoromethylacetophenone (14k) was prepared from α-methyl-4-
(trifluoromethyl)benzyl alcohol using general method A with a reaction time of 
90 min. It was isolated as a yellow oil (0.423 g, 90%).248 
 
1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.1 Hz, 2H), 7.72 (d, J = 8.2 Hz, 
2H), 2.64 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 196.9, 139.7, 134.4 (q, J = 32.6 Hz), 128.6, 125.7 (q, J = 3.7 Hz), 
123.6 (q, J = 272.7 Hz), 26.7. 
19F NMR (376 MHz, CDCl3) δ -63.53. 
 
Benzophenone (14l) was prepared from benzhydrol using general method A 
with a reaction time of 2 h. It was isolated as a pale yellow oil (0.438 g, 96%).42 
 
1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.5 Hz, 4H), 7.58 (t, J = 7.6 Hz, 2H), 
7.48 (t, J = 7.8 Hz, 4H). 
13C NMR (101 MHz, CDCl3) δ 196.8, 137.7, 132.5, 130.2, 128.4. 
 
Octanal (14m) was prepared from 1-octanol using general method A with 
a reaction time of 45 min. It was isolated as a colorless oil (0.270 g, 
84%).249 
 
1H NMR (300 MHz, CDCl3) δ 9.75 (t, J = 1.9 Hz, 1H), 2.40 (td, J = 7.3, 1.9 Hz, 2H), 1.61 (p, J = 
7.2 Hz, 2H), 1.34 – 1.21 (m, 8H), 0.87 (t, J = 6.8 Hz, 3H). 
13C NMR (75 MHz, CDCl3) δ 203.1, 44.0, 31.7, 29.2, 29.1, 22.7, 22.2, 14.2. 
 
2-Octanone (14n) was prepared from 2-octanol using general method A 
with a reaction time of 90 min. It was isolated as a pale yellow oil (0.316 g, 
98%).249 
 
1H NMR (300 MHz, CDCl3) δ 2.41 (t, J = 7.4 Hz, 2H), 2.13 (s, 3H), 1.56 (p, J = 7.37 Hz, 2H), 
1.31 – 1.21 (m, 6H), 0.88 (t, J = 6.6 Hz, 3H). 
13C NMR (75 MHz, CDCl3) δ 209.5, 44.0, 31.7, 30.0, 29.0, 24.0, 22.6, 14.1. 
 
Cyclohexanone (14o) was prepared from cyclohexanol using general method A with 
a reaction time of 120 min. It was isolated as a pale yellow oil (0.225 g, 92%).250 
 
1H NMR (400 MHz, CDCl3) δ 2.31 (t, J = 6.7 Hz, 4H), 1.84 (p, J = 6.2 Hz, 4H), 1.73 
– 1.65 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 212.2, 42.1, 27.1, 25.1. 
 
2-Adamantanone (14p) was prepared from 2-adamantanol using general method A 
with a reaction time of 90 min. It was isolated as a white solid (0.338 g, 90%).42 
 
1H NMR (400 MHz, CDCl3) δ 2.54 (s, 2H), 2.16 – 1.88 (m, 12H). 
13C NMR (101 MHz, CDCl3) δ 218.6, 47.1, 39.4, 36.4, 27.6. 
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2-Pyridinecarbaldehyde (14r) was prepared from 2-pyridinemethanol using 
general method A with a reaction time of 15 min. It was isolated as a colorless oil 
(0.243 g, 91%).250 
 
1H NMR (400 MHz, CDCl3) δ 10.05 (s, 1H), 8.76 (d, J = 4.8 Hz, 1H), 7.93 (d, J = 
7.7 Hz, 1H), 7.85 (t, J = 7.6 Hz, 1H), 7.50 (ddd, J = 7.3, 4.8, 1.0 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 193.3, 152.7, 150.1, 137.0, 127.8, 121.6. 
 
Phenoxyacetone (14s) was prepared from 1-phenoxy-2-propanol using general 
method B with a reaction time of 2 h. It was isolated after distillation as a pale 
yellow oil (0.244 g, 65%).27 
 
1H NMR (400 MHz, CDCl3) δ 7.33 – 7.28 (m, 2H), 7.00 (tt, J = 7.3, 1.1 Hz, 
1H), 6.89 (m, 2H), 4.53 (s, 2H), 2.28 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 206.0, 157.9, 129.8, 121.9, 114.6, 73.2, 26.7. 
 
1-Phenyl-2,2,2-trifluoroethanone (14t) was prepared from 1-Phenyl-2,2,2-
trifluoromethylethanol using general method A with a reaction time of 90 min. It 
was isolated as a colorless oil (0.423 g, 97%).251 
 
1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.4 Hz, 2H), 7.71 (t, J = 7.5 Hz, 1H), 
7.55 (t, J = 7.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 180.7 (q, J = 34.9 Hz), 135.6, 130.2, 129.2, 116.8 (q, J = 291.3 
Hz). 
19F NMR (376 MHz, CDCl3) δ -71.80. 
 
4-(2,2,2-Trifluoroacetyl)benzonitrile (14u) was prepared from 2,2,2-
trifluoro-1-(4'-cyanophenyl)ethanol using general method A with a reaction 
time of 15 min. It was isolated as an off-white solid (0.475 g, 95%).42 
 
1H NMR (400 MHz, DMSO-d6) δ 7.89 (d, J = 8.5 Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H). 
13C NMR (101 MHz, DMSO-d6) δ 143.7, 131.9, 128.5, 123.2 (q, J = 289.1 Hz), 118.6, 112.1, 
92.3 (q, J = 31.4 Hz). 
19F NMR (376 MHz, DMSO-d6) δ -82.34. 
 
4’-Methoxy-2,2,2-trifluoroacetophenone (14v) was prepared from 2,2,2-
trifluoro-1-(4-methoxyphenyl)ethanol using general method A with a 
reaction time of 2 h. It was isolated as a colorless oil (0.484 g, 95%).42 
 
1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.2 Hz, 2H), 7.01-6.98 (m, 2H), 
3.90 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 179.1 (q, J = 34.3 Hz), 165.6, 132.9, 122.9, 117.1 (q, J = 291.4 
Hz),114.6, 55.8. 
19F NMR (282 MHz, CDCl3) δ -71.39. 
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2,2,2-Trifluoro-1-(2-nitrophenyl)ethanone (14w) was prepared from 2,2,2-
trifluoro-1-(2-nitrophenyl)ethanol using general method A with a reaction time of 
45 min. It was isolated as a pale yellow solid (0.502 g, 92%).42 
 
1H NMR (400 MHz, CDCl3) δ 8.28 (dd, J = 8.2, 1.2 Hz, 1H), 7.89 (td, J = 7.6, 1.2 
Hz, 1H), 7.82 (td, J = 7.9, 1.5 Hz, 1H), 7.54 (dd, J = 7.5, 1.3 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 184.2 (q, J = 38.6 Hz), 146.2, 135.4, 133.0, 130.2, 128.7, 124.6, 
115.6 (q, J = 290.5 Hz). 
19F NMR (376 MHz, CDCl3) δ -76.22. 
 
2,2,2-Trifluoro-1-(1-naphthalenyl)ethanone (14x) was prepared from 2,2,2-
trifluoro-1-(naphthalene-1-yl)ethanol using general method A with a reaction 
time of 2.5 h. It was isolated as an orange oil (0.519 g, 93%).42 
 
1H NMR (400 MHz, CDCl3) δ 8.86 (d, J = 8.6 Hz, 1H), 8.22 (d, J = 7.4 Hz, 
1H), 8.13 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.1 Hz, 1H), 7.73 – 7.68 (m, 1H), 7.61 (t, J = 7.5 Hz, 
1H), 7.56 (t, J = 7.8 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 182.2 (q, J = 34.0 Hz), 136.1, 133.9, 131.6 (q, J = 3.8 Hz), 131.1, 
129.4, 128.9, 127.0, 126.2, 125.1, 124.0, 116.6 (q, J = 292.9 Hz). 
19F NMR (376 MHz, CDCl3) δ -70.46. 
 
2,2,2-Trifluoro-1-(2-pyridyl)ethanone (14y) was prepared from 2,2,2-trifluoro-
1-(pyridin-2-yl)-ethanol using general method A with a reaction time of 15 min. 
It was isolated as a white solid (0.399 g, 91%).252 
 
1H NMR (400 MHz, CDCl3) δ 8.83 (d, J = 4.7 Hz, 1H), 8.17 (d, J = 7.9 Hz, 1H), 
7.94 (t, J = 7.8 Hz, 1H), 7.61 (t, J = 6.3 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 180.8 (q, J = 34.7 Hz), 150.0, 148.8, 137.4, 128.8, 125.3, 116.8 
(q, J = 291.2 Hz). 
19F NMR (376 MHz, CDCl3) δ -72.40. 
 
2-Pyridyl trifluoromethyl ketone hydrate. 
 
1H NMR (400 MHz, CDCl3) δ 8.55 (dt, J = 4.9, 1.3 Hz, 1H), 7.86 (td, J = 7.7, 1.7 
Hz, 1H), 7.78 (s, 1H), 7.43 (ddd, J = 7.4, 4.9, 1.3 Hz, 1H), 5.22 (br s, 2H). 
13C NMR (101 MHz, CDCl3) δ 152.8, 147.4, 138.2, 125.3, 122.9 (q, J = 287.2 Hz), 122.5, 92.2 
(q, J = 33.4 Hz). 
19F NMR (376 MHz, CDCl3) δ -84.62. 
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3-Phenylpropanoic acid (16a) was prepared from 3-phenyl 1 propanol using 
general method B with a reaction time of 1 h. It was isolated as a white solid 
(0.343 g, 92%).253 
 
1H NMR (400 MHz, CDCl3) δ 9.33 (br s, 1H), 7.38 – 7.27 (m, 2H), 7.24 – 
7.13 (m, 3H), 2.97 (t, J = 8.0 Hz, 2H), 2.70 (t, J = 7.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 179.0, 140.3, 128.7, 128.4, 126.5, 35.7, 30.7. 
 
4-Trifluoromethylbenzoic acid (16k) was prepared from 4-
(trifluoromethyl)benzyl alcohol using general method B with a reaction time 
of 2 h. It was isolated as a white solid (0.383 g, 81%).254 
 
1H NMR (400 MHz, DMSO-d6) δ 13.45 (br s, 1H), 8.13 (d, J = 8.0 Hz, 2H), 
7.87 (d, J = 8.2 Hz, 2H). 
13C NMR (101 MHz, DMSO-d6) δ 166.2, 134.6, 132.5 (q, J = 32.2, 31.8 Hz), 130.1, 125.6 (q, J 
= 3.3 Hz), 123.8 (q, J = 272.7 Hz). 
19F NMR (376 MHz, DMSO-d6) δ -61.19. 
 
Octanoic acid (16m) was prepared from 1-octanol using general method 
B with a reaction time of 2 h. NMR yield was calculated to be 86%.255 
 
1H NMR (400 MHz, CDCl3, crude) δ 9.51 (br s, 1H), 2.32 (t, J = 7.5 Hz, 2H), 1.61 (p, J = 7.3 Hz, 
2H), 1.29 (m, 8H), 0.8 (t, J = 6.96 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 180.2, 34.5, 31.8, 29.2, 29.1, 24.9, 22.7, 14.2. 
 
2-Picolinic acid (16r) was prepared from 2-pyridinemethanol using general 
method B with a reaction time of 1 h. It was isolated as a tan solid (0.286 g, 93%).256 
 
1H NMR (400 MHz, DMSO-d6) δ 13.19 (s, 1H), 8.70 (d, J = 4.7 Hz, 1H),  8.04 
(d, J = 7.8 Hz, 1H), 7.97 (td, J = 7.7, 1.7 Hz, 1H), 7.61 (ddd, J = 7.5, 4.7, 1.3 Hz, 1H). 
13C NMR (101 MHz, DMSO-d6) δ 166.2, 149.4, 148.6, 137.5, 127.0, 124.6. 
 
6-Hydroxy-3,6-dihydro-2H-pyran-3-one (17) was prepared from furfuryl alcohol using 
general method A with a reaction time of 1 h. This was not isolated.257 
 
1H NMR (300 MHz, CDCl3) δ 6.95 (dd, J = 10.4, 3.1 Hz, 1H), 6.17 (d, J = 10.4 Hz, 1H), 
5.64 (d, J = 3.1 Hz, 1H), 4.58 (d, J = 16.9 Hz, 1H), 4.14 (d, J = 16.9 Hz, 1H), 3.08 (br s, 
1H). 
GC/MS (EI): 39.00(14), 42.00(16), 55.00(77), 56.00(26), 84.00(100), 114.00(6)   
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Appendix IV: Counterion Effect Experimental Details 
Synthesis of oxoammonium salts 
To a beaker equipped with a stir bar was added nitroxide (4.226 g, 20 mmol, 1 equiv.) in ether 
(150 mL, 0.13 M). Acid (1.14 equiv.) was added dropwise. After the acid addition, NaOCl • 5H2O 
(1.645 g, 10 mmol, 0.5 equiv.) was added all at once. The mixture was allowed to stir until a freely 
flowing yellow precipitate formed (Note: The solid would sometimes clump and would need to be 
broken up with a spatula. The longer it stirred in the beaker, the easier it would be to break apart). 
The precipitate was allowed to settle and the ether was decanted. Acetonitrile (just enough to 
dissolve the oxoammonium salt) was added and the solution was filtered. The solvent was then 
evaporated or the salt was allowed to recrystallize. 
Solubilities were measured by stirring a known amount of salt in a known amount of DCM for 
approximately an hour. The salt was then filtered, dried, and weighed to determine the amount 
dissolved.  
Anion Yield (g) Yield (%) Colora MP (°C) Solubility (DCM, mg/mL) 
Cl- 2.552 51 Red Decomp ~145 5.2 
BF4
- - - Yellow 191-193 1.8 
PF6
- 6.26 87 Yellow 175-176 3.0 
SbF6
- 4.044 45 Yellow 169 4.8 
NO3
- 4.84 88 Yellow 128-129 3.6 
H2PO4
- 4.668 75 Yellow 120-121 1.4 
CCl3CO2
- 1.588 21 Yellow 105-107 52.4 
CF3CO2
- 2.726 42 Yellow 79-80 27.6 
CF3SO3
- 2.342 32 Yellow 133-135 7.4 
CH3SO3
- 2.324 38 Yellow 114-116 26.6 
a All salts were isolated as solids. 
 
Cl- : 1H NMR (400 MHz, TFA-d) δ 5.61 (t, J = 10.0 Hz, 1H), 3.15 (t, J = 12.9 Hz, 2H), 3.05 (d, 
J = 11.9 Hz, 2H), 2.57 (s, 2H), 2.16 (s, 5H), 1.76 (s, 4H). 
13C NMR (101 MHz, TFA-d) δ 179.9, 106.3, 45.7, 44.3, 33.6, 30.2, 22.5. 
 
BF4- : 1H NMR (400 MHz, TFA-d) δ 5.56 – 5.39 (m, 1H), 3.00 – 2.85 (m, 4H), 2.42 (s, 3H), 
2.06 (s, 6H), 1.66 (s, 6H).  
13C NMR (101 MHz, TFA-d) δ 180.3, 106.6, 45.9, 44.4, 34.0, 30.4, 22.8. 
 
PF6- : 1H NMR (400 MHz, TFA-d) δ 5.50 (m, 1H), 2.97 (m, 4H), 2.45 (s, 3H), 2.07 (s, 6H), 1.68 
(s, 6H). 
13C NMR (101 MHz, TFA-d) δ 179.5, 106.2, 45.5, 43.7, 33.4, 30.0, 22.3. 
 
SbF6- : 1H NMR (400 MHz, TFA-d) δ 5.45 (tt, J = 11.4, 5.5 Hz, 1H), 2.88 (m, , 4H), 2.32 (s, 
3H), 2.03 (s, 6H), 1.64 (s, 6H). 
13C NMR (101 MHz, TFA) δ 179.4, 106.1, 45.4, 43.4, 33.3, 29.9, 22.4. 
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NO3- : 1H NMR (400 MHz, TFA-d) δ 5.28 (tt, J = 12.0, 4.3 Hz, 1H), 2.80 (dd, J = 14.1, 4.2 Hz, 
2H), 2.66 (t, J = 13.0 Hz, 2H), 2.16 (s, 3H), 1.89 (s, 6H), 1.49 (s, 6H). 
13C NMR (101 MHz, TFA-d) δ 179.35, 106.54, 45.97, 43.50, 33.61, 30.30, 22.83. 
 
H2PO4- : 1H NMR (400 MHz, TFA-d) δ 5.53 (p, J = 8.1 Hz, 1H), 2.97 (d, J = 8.1 Hz, 4H), 2.45 
(s, 3H), 2.10 (s, 6H), 1.70 (s, 6H). 
13C NMR (101 MHz, TFA-d) δ 179.7, 106.2, 45.4, 43.8, 33.6, 30.0, 22.4. 
 
CCl3CO2- : 1H NMR (400 MHz, TFA-d) δ 5.61 – 5.33 (m, 1H), 2.96 (dd, J = 14.1, 4.1 Hz, 2H), 
2.83 (t, J = 13.0 Hz, 2H), 2.31 (s, 3H), 2.06 (s, 6H), 1.66 (s, 6H). 
13C NMR (101 MHz, TFA-d) δ 178.8, 106.3, 45.8, 43.0, 33.3, 30.0, 22.6. 
 
CF3CO2- : 1H NMR (400 MHz, TFA-d) δ 5.46 (tt, J = 12.0, 4.3 Hz, 1H), 2.99 (dd, J = 14.2, 4.0 
Hz, 2H), 2.83 (t, J = 13.0 Hz, 2H), 2.33 (s, 3H), 2.08 (s, 6H), 1.68 (s, 6H). 
13C NMR (101 MHz, TFA-d) δ 179.2, 106.5, 46.0, 43.3, 33.6, 30.3, 22.9. 
 
CF3SO3- : 1H NMR (400 MHz, TFA-d) δ 5.45 (hept, J = 5.6 Hz, 1H), 3.00 – 2.80 (m, 4H), 2.39 
(s, 3H), 2.03 (s, 6H), 1.63 (s, 6H). 
13C NMR (101 MHz, TFA-d) δ 180.0, 106.4, 45.7, 44.2, 33.7, 30.3, 22.6. 
 
CH3SO3- : 1H NMR (400 MHz, TFA-d) δ 5.54 (tt, J = 10.4, 5.0 Hz, 1H), 3.17 (s, 3H), 3.11 – 
2.92 (m, 4H), 2.48 (s, 2H), 2.12 (s, 6H), 1.72 (s, 6H). 
13C NMR (101 MHz, TFA-d) δ 179.9, 106.4, 45.7, 44.2, 41.2, 33.6, 30.2, 22.5. 
 
Competitive Oxidations 
Competitive oxidations were performed by adding 4-nitrobenzyl alcohol, 18, (0.153 g, 1 mmol, 1 
equiv.), and either 1-octanol, 13m, (157 μl, 1 mmol, 1 equiv.) or 2-octanol, 13n, (159 μl, 1 mmol, 
1 equiv.), and DCM (25 mL, 0.04 M) to a round bottom flask. SiO2 (0.153 g, 1 wt equiv. to 4-
nitrobenzaldehyde) and the desired salt (1.05 mmol, 1.05 equiv.) were added and the solution was 
stirred for 2 h. Conversions were analyzed utilizing 1H NMR. 
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Ions Conv 19b (%)a Conv 14m (%)a 
Cl- 12% 33% 
BF4- 17% 11% (7%)c 
PF6- 3% 3% 
SbF6- 6% 7% 
NO3- 100% 100% 
H2PO4- 13% 10% (11%)c 
CCl3CO2- 43% 28% 
CF3CO2 - 53% 45% 
CF3SO3- 33% 33% (30%)c 
CH3SO3- 27% 59% 
 
 
Ions Conv 19b (%)a Conv 14n (%)a 14m/14nb ΔGǂ(1-oct/2-oct) 
Cl- 18% 41% 0.80 0.94 
BF4- 15% 25% (16%)c 0.44 (0.44)c 1.08 
PF6- 6% 15% 0.20 1.24 
SbF6- 7% 26% 0.27 - 
NO3- 100% 100% 1.0 0.75 
H2PO4- 11% 23% (17%)c 0.73 (0.65)c 0.35 
CCl3CO2- 60% 45% 0.62 0.75 
CF3CO2 - 75% 26% 1.73 0.63 
CF3SO3- 22% 88% (70%)c 0.38 (0.43)c 0.93 
CH3SO3- 32% 72% 0.82 0.62 
a Reaction conditions: 18 (0.153 g, 1 mmol, 1 equiv.), 13m (157 μl, 1 mmol, 1 equiv.) or 13n (159 μl, 1 mmol, 1 
equiv.), 1 (1.05 mmol, 1.05 equiv.), SiO2 (0.153 g, 1 wt equiv. to 4-nitrobenzaldehyde), and DCM (25 mL, 0.04 M) 
were stirred for 2 h. Conversions analyzed utilizing 1H NMR. b Ratio = conversion(1-octanol) / conversion(2-
octanol). c Values in parentheses are from competition experiments between 1-octanol and 2-octanol. 
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Computational Details 
A. Summary of Energies 
Table 19. Summary of ΔG and ΔGǂ for the oxidation of 1- and 2-octanol 
 
 
Counterion ΔG1-octanol a ΔGǂ1-octanol a ΔG2-octanol a ΔGǂ2-octanol a 
Cl- -27.61 16.33 -31.10 17.29 
Br- -19.69 19.45 -23.18 18.79 
BF4
- -6.20 12.86 -9.69 11.90 
PF6
- 0.19 15.88 -3.30 12.84 
NO3
- -30.35 9.45 -33.84 12.61 
HSO4
- -22.78 12.51 -22.78 12.42 
H2PO4
-
 -32.56 2.80 -36.06 7.95 
CCl3CO2
- -30.03 10.07 -33.52 13.41 
CF3CO2
- -32.09 7.33 -35.58 11.70 
CF3SO3
- -20.35 12.06 -23.84 12.96 
CH3SO3
- -28.68 8.31 -32.17 13.39 
a  kcal mol-1, gas 
 
Table 20. Summary of zero-point corrections to the electronic energies from optimization and 
frequency calculations of stationary points. 
Identifier Solvent System 
Correction to 
Zero-Point 
Energya 
SCF energya 
13m gas  
 
0.213615 -390.9119776 
14n gas  
 
0.189305 -389.7093131 
13n gas  
 
0.213642 -390.9174802 
14n gas  
 
0.189619 -389.7206713 
1a gas 
 
0.274129 -1151.91117 
84 
 
Identifier Solvent System 
Correction to 
Zero-Point 
Energya 
SCF energya 
1b gas 
 
0.273068 -3263.430408 
1c gas 
 
0.285464 -1116.142643 
1d gas 
 
0.285756 -1632.271075 
1f gas 
 
0.285487 -971.9891075 
1g gas 
 
0.29481 -1391.325979 
1h gas 
 
0.305997 -1335.241126 
1i gas 
 
0.284375 -2298.938883 
1j gas 
 
0.293168 -1217.89106 
1k gas 
 
0.292434 -1653.127875 
1l gas 
 
0.320197 -1355.422415 
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Identifier Solvent System 
Correction to 
Zero-Point 
Energya 
SCF energya 
1’ gas 
 
0.285797 -692.3382816 
1a’ gas HCl -0.011208 -460.7956962 
1b’ gas HBr -0.013275 -2572.301314 
1c’ gas HBF4 -0.006327 -424.9865964 
1d’ gas HPF6 -0.005017 -941.1058665 
1f’ gas HNO3 0.000711 -280.8785597 
1g’ gas H2SO4 0.009718 -700.203062 
1h’ gas H3PO4 0.018622 -644.131511 
1i’ gas CCl3CO2H -0.000085 -1607.828146 
1j’ gas CF3CO2H 0.007466 -526.7823644 
1k’ gas CF3SO2H 0.005381 -961.9991224 
1l’ gas CH3SO2H 0.032508 -664.3062997 
TS13m-a gas 
 
0.502413 -1542.81178812 
TS13m-b gas 
 
0.502116 -3654.32683 
TS13m-c gas 
 
0.517183 -1507.052222 
TS13m-d gas 
 
0.518972 -2023.17735 
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Identifier Solvent System 
Correction to 
Zero-Point 
Energya 
SCF energya 
TS13m-f gas 
 
0.515765 -1362.902686 
TS13m-g gas 
 
0.527644 -1782.237246 
TS13m-h gas 
 
0.537183 -1726.166209 
TS13m-i gas 
 
0.51575 -2689.85257 
TS13m-j gas 
 
0.525366 -1608.809935 
TS13m-k gas 
 
0.523076 -2044.037654 
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Identifier Solvent System 
Correction to 
Zero-Point 
Energya 
SCF energya 
TS13m-l gas 
 
0.55143 -1746.33877 
TS13n-a gas 
 
0.504162 -1542.817489 
TS13n-b gas 
 
0.504004 -3654.335239 
TS13n-c gas 
 
0.516551 -1507.05861 
TS13n-d gas 
 
0.519049 -2023.187748 
TS13n-f gas 
 
0.516793 -1362.904158 
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Identifier Solvent System 
Correction to 
Zero-Point 
Energya 
SCF energya 
TS13n-g gas 
 
0.525784 -1782.240991 
TS13n-h gas 
 
0.539485 -1726.165778 
TS13n-i gas 
 
0.516928 -2689.853911 
TS13n-j gas 
 
0.525858 -1608.80894 
TS13n-k gas 
 
0.52475 -2044.043382 
TS13n-l gas 
 
0.552437 -1746.337161 
a Energy values in Hartrees.
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A. Cartesian Coordinates of Stationary Points 
13m 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z 
0 1 
 C                  1.84448600    4.49764500    2.80462700 
 C                  1.93527600    5.33132600    4.09438700 
 C                  3.36592300    5.55801900    4.60309900 
 C                  2.42549700    5.16906800    1.55204100 
 H                  1.44461100    6.30385100    3.93130600 
 H                  1.36009900    4.81834500    4.87429800 
 H                  2.34689100    3.53184900    2.96480500 
 H                  0.78805200    4.25927900    2.61317900 
 H                  3.49428200    5.37371400    1.69701800 
 H                  1.94427200    6.14823300    1.41240500 
 H                  3.83056400    4.58401300    4.79485100 
 C                  2.24330700    4.32666800    0.28491400 
 H                  2.74090900    3.35350300    0.38132300 
 H                  1.18154700    4.13459600    0.08579200 
 H                  3.96259700    6.04644300    3.82063100 
 C                  3.45827900    6.43088700    5.86833500 
 H                  3.03256600    7.42023700    5.64543600 
 H                  4.52006000    6.60644900    6.09661400 
 C                  2.77456600    5.89846800    7.14170500 
 H                  2.86054000    6.66748500    7.92200500 
 H                  1.70033400    5.74899300    6.97613500 
 C                  3.34911800    4.60638800    7.71468300 
 H                  4.44810900    4.68250900    7.77684800 
 O                  2.95889600    3.50967900    6.88803700 
 H                  2.66187200    4.82825000   -0.59543800 
 H                  2.97203400    4.46456400    8.74080100 
 H                  3.36276400    2.70577000    7.24825900 
 
14m 
Solvent: Gas 
  
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.85037100    2.25949300    3.96444200 
 C                  5.71677700    3.50573000    4.85670200 
 C                  5.81976600    3.21896000    6.36233400 
 C                  7.24493000    1.61668000    3.95041300 
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 H                  6.48689200    4.23915400    4.57214400 
 H                  4.74876400    3.97816600    4.64675900 
 H                  5.10690500    1.51024100    4.27491100 
 H                  5.58468000    2.53764100    2.93473500 
 H                  7.51927600    1.28678400    4.96120500 
 H                  7.98771700    2.37584000    3.66505800 
 H                  5.00758500    2.53546800    6.65069000 
 C                  7.34081800    0.42471700    2.99211400 
 H                  6.63342000   -0.36601200    3.27106000 
 H                  7.11021800    0.72481200    1.96244000 
 H                  6.75442800    2.68463800    6.57477000 
 C                  5.78410400    4.47095700    7.25585900 
 H                  6.63123200    5.12323700    7.00697600 
 H                  5.92995500    4.16799000    8.30214100 
 C                  4.48815000    5.30744300    7.15692500 
 H                  4.57948800    6.17438100    7.82817300 
 H                  4.31798900    5.68127800    6.14306400 
 C                  3.27451100    4.51756600    7.58789300 
 H                  3.31384200    4.14393100    8.63894500 
 O                  2.31963400    4.26966300    6.88449400 
 H                  8.34607000   -0.01208200    2.99495000 
 
13n 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.84198000    4.48456800    2.79689400 
 C                  1.93361100    5.30026600    4.09827500 
 C                  3.36639400    5.53642800    4.59570000 
 C                  2.40018400    5.19188100    1.55582800 
 H                  1.42986800    6.26896600    3.95195600 
 H                  1.37300700    4.76966500    4.87693200 
 H                  2.36207600    3.52625100    2.93755400 
 H                  0.78824500    4.23247600    2.61483900 
 H                  3.47253000    5.39762800    1.64797800 
 H                  1.89281300    6.15044800    1.38734700 
 H                  3.83552400    4.56572500    4.79199600 
 H                  3.95606400    6.02095300    3.80544300 
 C                  3.46515800    6.42189700    5.85146700 
 H                  3.05128000    7.41287600    5.61406400 
 H                  4.52805800    6.58983600    6.07994100 
 C                  2.76994100    5.91959800    7.13095700 
 H                  2.84773100    6.71134700    7.88833800 
 H                  1.69730200    5.76385800    6.95754100 
 C                  3.33696500    4.63655100    7.74456800 
 H                  4.43841200    4.71445700    7.76690400 
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 O                  2.95043600    3.54670500    6.89637900 
 H                  3.33151000    2.73562900    7.26744800 
 C                  2.83024800    4.40521100    9.17060500 
 H                  2.26026900    4.58020900    0.65676200 
 H                  3.15013300    5.20952800    9.84316200 
 H                  1.73558000    4.35450200    9.18217300 
 H                  3.21754600    3.46103400    9.57573500 
 
 
14n 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.81138400    2.26784500    3.91543900 
 C                  5.69579200    3.47272600    4.86523800 
 C                  5.90344800    3.12659500    6.34697800 
 C                  7.22054900    1.67343700    3.80234100 
 H                  6.42335400    4.24201900    4.56220700 
 H                  4.69965500    3.91430700    4.74433400 
 H                  5.10761500    1.48749900    4.23799900 
 H                  5.47838700    2.57943000    2.91640000 
 H                  7.57723800    1.27299700    4.75814400 
 H                  7.94229000    2.43078700    3.47059700 
 H                  5.11651300    2.42607400    6.65806700 
 H                  6.85531200    2.59537400    6.47739700 
 C                  5.92151600    4.34075800    7.29145400 
 H                  6.76757800    4.99071700    7.03071900 
 H                  6.11108900    3.99389400    8.31659000 
 C                  4.64301700    5.21709800    7.28136600 
 H                  4.77874900    6.03976200    7.99527200 
 H                  4.49245000    5.65041200    6.28825000 
 C                  3.39282500    4.42204000    7.63481000 
 O                  2.69388500    3.92277700    6.77081400 
 C                  3.06869600    4.26007500    9.11086500 
 H                  2.77149200    5.22939800    9.53247900 
 H                  3.94823000    3.92605600    9.67483700 
 H                  2.25181700    3.54696200    9.23857300 
 H                  7.24397700    0.85272600    3.07610100 
 
 
 
 
 
 
 
92 
 
 
 
1a 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                 -0.25802700   -1.10833000   -0.28858300 
 C                  0.37868900    0.26037400   -0.01416200 
 C                 -0.06796900    0.91554700    1.30375900 
 C                 -1.59972400    1.05496200    1.37832200 
 C                 -2.36775300   -0.26070000    1.19301500 
 H                  1.46608000    0.12016100    0.00656300 
 H                  0.29494200    0.33865500    2.15822400 
 H                 -1.87128000    1.45891600    2.36085500 
 H                 -1.93707600    1.76352900    0.61713200 
 H                  0.14107800    0.92398100   -0.85023000 
 C                 -3.86357600   -0.03162900    0.95360300 
 H                 -4.39874600   -0.98173700    0.88472200 
 H                 -4.25961500    0.52763600    1.80775200 
 H                 -4.02599900    0.53985200    0.03982900 
 C                 -2.21936100   -1.19571500    2.42030500 
 H                 -2.83747900   -0.78035700    3.22182900 
 H                 -2.59102400   -2.19809000    2.19103000 
 H                 -1.20000200   -1.26673600    2.80035100 
 C                  0.29826300   -2.20514500    0.65444400 
 H                 -0.30793200   -3.11272900    0.59249700 
 H                  1.30864500   -2.44798400    0.31189300 
 H                  0.37307500   -1.89258200    1.69608800 
 C                 -0.03635600   -1.57173500   -1.73217700 
 H                  1.04308500   -1.60523500   -1.91370000 
 H                 -0.44390800   -2.57335400   -1.88869000 
 H                 -0.50065400   -0.88126500   -2.43621400 
 N                 -1.79230300   -1.03840300   -0.02894900 
 O                 -2.43377100   -2.01094800   -0.38740500 
 N                  0.56974300    2.21622200    1.45509200 
 H                  0.42456600    2.90067400    0.72505300 
 C                  1.78761300    4.00062300    2.60156700 
 H                  2.85676700    3.96192300    2.82945800 
 H                  1.64243600    4.53780300    1.65902500 
 H                  1.30335100    4.56182000    3.40724300 
 C                  1.23940000    2.58184900    2.59366600 
 O                  1.39261600    1.82277300    3.54378100 
 Cl                -2.30535500    0.75146100   -1.78481000 
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1b 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                 -0.24931900   -1.06375200   -0.28288900 
 C                  0.37055900    0.30845400    0.01535600 
 C                 -0.11547700    0.95094600    1.32745500 
 C                 -1.64957800    1.07583000    1.36579400 
 C                 -2.39643300   -0.24812800    1.15144500 
 H                  1.45828500    0.17846900    0.06193900 
 H                  0.23668500    0.37065800    2.18402600 
 H                 -1.95193700    1.47352500    2.34180800 
 H                 -1.97405400    1.78379600    0.59776800 
 H                  0.14624400    0.97791500   -0.82004900 
 C                 -3.89140000   -0.04038100    0.88481300 
 H                 -4.41785700   -0.99694000    0.84384500 
 H                 -4.30553400    0.54920500    1.70937100 
 H                 -4.04438700    0.49325100   -0.05390200 
 C                 -2.26042900   -1.19122900    2.37371000 
 H                 -2.91486200   -0.80318900    3.16010100 
 H                 -2.59572500   -2.20074300    2.12142200 
 H                 -1.25118200   -1.23763300    2.78325500 
 C                  0.29259500   -2.16012800    0.66909900 
 H                 -0.31448300   -3.06663200    0.59904900 
 H                  1.30712500   -2.40531500    0.34061700 
 H                  0.35457500   -1.84646800    1.71137000 
 C                  0.01056200   -1.52321800   -1.72184300 
 H                  1.09111200   -1.49835800   -1.89735600 
 H                 -0.34236800   -2.54575500   -1.87572800 
 H                 -0.48655900   -0.86182700   -2.43231500 
 N                 -1.78903700   -0.99888300   -0.06869300 
 O                 -2.41746000   -1.97622800   -0.45397500 
 N                  0.50056300    2.25838500    1.50659600 
 H                  0.30973400    2.96986600    0.81397200 
 C                  1.87285300    3.97028300    2.58605400 
 H                  2.96607900    3.92141100    2.58742800 
 H                  1.54532700    4.58755800    1.74364600 
 H                  1.56794600    4.45241400    3.51993900 
 C                  1.32016300    2.55327800    2.56446300 
 O                  1.59428300    1.73827500    3.43798300 
 Br                -2.29122200    0.90903400   -1.90524600 
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1c 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                 -0.40066800   -1.25960200   -0.35914900 
 C                  0.20917800    0.13226100   -0.14081200 
 C                 -0.18062700    0.83188700    1.17212000 
 C                 -1.70552000    0.87653000    1.38537600 
 C                 -2.45946500   -0.45319900    1.21440400 
 H                  1.29814200    0.01181300   -0.17071800 
 H                  0.31166200    0.36012900    2.02762900 
 H                 -1.90487000    1.22251600    2.40616900 
 H                 -2.14951800    1.60619600    0.70808500 
 H                 -0.08437900    0.77213200   -0.97176000 
 C                 -3.94931400   -0.21749200    0.94117100 
 H                 -4.51074100   -1.15263200    0.88234600 
 H                 -4.33996000    0.36811800    1.77900300 
 H                 -4.07596600    0.36497600    0.02782400 
 C                 -2.28673600   -1.38842000    2.44276600 
 H                 -2.86957400   -0.94341000    3.25412100 
 H                 -2.68580600   -2.38805300    2.24529500 
 H                 -1.25226300   -1.46661000    2.78004400 
 C                  0.25655400   -2.33639200    0.54563300 
 H                 -0.30199200   -3.27710000    0.52220600 
 H                  1.25200400   -2.52259200    0.13200600 
 H                  0.38175200   -2.01041200    1.57894500 
 C                 -0.31471100   -1.69131300   -1.82756800 
 H                  0.72944400   -1.58669200   -2.13731300 
 H                 -0.61422000   -2.73235300   -1.97062600 
 H                 -0.93540200   -1.03861100   -2.44281700 
 N                 -1.88632100   -1.24511400    0.02980400 
 O                 -2.61256800   -2.01163200   -0.52968300 
 N                  0.32591600    2.19313800    1.13767900 
 H                 -0.01176600    2.76727900    0.37107900 
 C                  1.49266300    4.17023600    1.96263600 
 H                  2.58213700    4.25363100    2.01859100 
 H                  1.14564800    4.60737100    1.02191000 
 H                  1.07907300    4.74613000    2.79686200 
 C                  1.10459700    2.71077700    2.13491300 
 O                  1.46957400    2.04860400    3.10250300 
 B                 -2.42544500    1.99759300   -1.79296800 
95 
 
 F                 -3.41099100    2.42938700   -0.89999300 
 F                 -2.30301800    0.55480700   -1.61061100 
 F                 -2.72486200    2.26058600   -3.10118100 
 F                 -1.17687500    2.56691800   -1.41897500 
 
1d 
Solvent: Gas 
     
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.43227700   -2.93693400    3.19738400 
 C                  1.99338100   -1.52900400    3.45453800 
 C                  1.45116500   -0.81900900    4.70674800 
 C                 -0.08566200   -0.76937300    4.70870100 
 C                 -0.79053600   -2.12522100    4.53806800 
 H                  3.08055200   -1.63233800    3.54419500 
 H                  1.82471900   -1.29948700    5.61594500 
 H                 -0.43006200   -0.35189800    5.66144700 
 H                 -0.42214200   -0.10592200    3.91264000 
 H                  1.78639800   -0.91343800    2.58001200 
 C                 -2.25274600   -1.94568400    4.11402100 
 H                 -2.78745300   -2.89676800    4.06263400 
 H                 -2.73295400   -1.32093700    4.87325900 
 H                 -2.30872800   -1.42995800    3.15429300 
 C                 -0.71356500   -2.99521100    5.82216200 
 H                 -1.37300500   -2.52304200    6.55592300 
 H                 -1.07922200   -4.01024800    5.63928700 
 H                  0.28733300   -3.03872900    6.25364500 
 C                  2.01610900   -3.99304400    4.17466200 
 H                  1.49461900   -4.95097600    4.08649500 
 H                  3.05856500   -4.14465500    3.88060200 
 H                  2.00778500   -3.66621300    5.21520900 
 C                  1.67036800   -3.37802100    1.74826800 
 H                  2.74871700   -3.32556600    1.56989900 
 H                  1.34204500   -4.40452600    1.57009900 
 H                  1.17036800   -2.69839900    1.05649300 
 N                 -0.08417900   -2.95218300    3.45047300 
 O                 -0.73921200   -3.74697500    2.84581500 
 N                  1.97446600    0.53445500    4.75726600 
 H                  1.72601300    1.14468300    3.98739400 
 C                  3.24927900    2.41027700    5.66013500 
 H                  4.34332500    2.42676300    5.63465900 
 H                  2.86342700    2.92888200    4.77767000 
 H                  2.93684000    2.95133200    6.55856500 
96 
 
 C                  2.78428400    0.96801800    5.77202500 
 O                  3.11337400    0.24640200    6.70868500 
 P                 -0.42703000    0.30638700    0.93654400 
 F                  0.91143600   -0.22363900    0.17417200 
 F                 -1.71930400    0.73948500    1.83178000 
 F                 -0.44742200   -1.17620600    1.76784000 
 F                  0.55379900    0.90201000    2.14753800 
 F                 -0.38131500    1.72497100    0.18715200 
 F                 -1.37673800   -0.34971100   -0.18732600 
 
1f 
Solvent: Gas 
    
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                 -0.25303200   -1.09566900   -0.24957000 
 C                  0.38482100    0.26252000    0.07096100 
 C                 -0.10101300    0.92376600    1.37261300 
 C                 -1.63468200    1.04369000    1.40954100 
 C                 -2.39816500   -0.26611200    1.17311500 
 H                  1.46916500    0.11260200    0.12700900 
 H                  0.26679200    0.37842900    2.24637900 
 H                 -1.94113200    1.43217400    2.38758800 
 H                 -1.93778600    1.76342800    0.64712400 
 H                  0.17812800    0.94538000   -0.75497200 
 C                 -3.86995800   -0.00971100    0.82894200 
 H                 -4.44741000   -0.93690700    0.80162300 
 H                 -4.28697100    0.63462800    1.60932800 
 H                 -3.95071400    0.49249700   -0.13586500 
 C                 -2.32065300   -1.22040600    2.39201200 
 H                 -2.96985900   -0.80240500    3.16739200 
 H                 -2.69492900   -2.21699400    2.13893700 
 H                 -1.31778800   -1.30603200    2.81233800 
 C                  0.27941200   -2.22689600    0.66652500 
 H                 -0.31888400   -3.13684500    0.55999500 
 H                  1.29850800   -2.45199400    0.33760700 
 H                  0.32700200   -1.94605000    1.71939700 
 C                 -0.03487600   -1.49181800   -1.71446400 
 H                  1.03778300   -1.42371300   -1.92149600 
 H                 -0.35987900   -2.51649500   -1.91015700 
 H                 -0.57429400   -0.81152600   -2.37463600 
 N                 -1.76822400   -1.01469300   -0.01109800 
 O                 -2.47031600   -1.78294800   -0.62191600 
 N                  0.48612300    2.24942800    1.48431200 
97 
 
 H                  0.25828900    2.91021800    0.75146400 
 C                  1.81348900    4.04360900    2.47605300 
 H                  2.90768500    4.02269400    2.47581300 
 H                  1.46717900    4.60887500    1.60559100 
 H                  1.49872900    4.56235500    3.38684400 
 C                  1.29706000    2.61416000    2.52432100 
 O                  1.59215000    1.84718500    3.43540700 
 O                 -1.25595500    2.62720200   -1.36499000 
 N                 -1.99500700    1.87294900   -2.03772400 
 O                 -2.19850400    0.65305500   -1.63199900 
 O                 -2.54733300    2.22874900   -3.07735600 
 
1g 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.39894700   -2.83857300    3.15021200 
 C                  2.01017600   -1.47646000    3.50983900 
 C                  1.46442300   -0.80188300    4.78235800 
 C                 -0.07228300   -0.73423300    4.78940900 
 C                 -0.79634400   -2.06370300    4.53697100 
 H                  3.09002100   -1.62584500    3.62363000 
 H                  1.83720400   -1.30933200    5.67694900 
 H                 -0.40870400   -0.36196300    5.76390200 
 H                 -0.38892300   -0.01917400    4.02972800 
 H                  1.86211600   -0.79799800    2.67017500 
 C                 -2.26533900   -1.84681600    4.15764500 
 H                 -2.81938200   -2.78770100    4.11516300 
 H                 -2.71399500   -1.21664900    4.93185200 
 H                 -2.33286400   -1.33640900    3.19568700 
 C                 -0.71239200   -3.01784700    5.75813400 
 H                 -1.38351500   -2.61022600    6.51992000 
 H                 -1.06013900   -4.02387900    5.50427200 
 H                  0.28612700   -3.07544800    6.19323000 
 C                  1.93297600   -3.97742000    4.05981600 
 H                  1.35935100   -4.89931400    3.92389500 
 H                  2.96377400   -4.17035800    3.74863300 
 H                  1.95045400   -3.71159000    5.11749600 
 C                  1.64646000   -3.19859400    1.68131800 
 H                  2.72594400   -3.14347500    1.50950600 
 H                  1.31113500   -4.21214000    1.44844500 
 H                  1.14673500   -2.48310000    1.02636200 
 N                 -0.12064500   -2.80558300    3.37324500 
98 
 
 O                 -0.79433200   -3.55959200    2.72837800 
 N                  1.99177800    0.54965100    4.85873800 
 H                  1.72224900    1.17218500    4.10264300 
 C                  3.34546100    2.38120600    5.73195200 
 H                  4.43656600    2.38653000    5.64529700 
 H                  2.91655200    2.92780300    4.88706900 
 H                  3.09094500    2.90040600    6.66116900 
 C                  2.86953800    0.94060400    5.83036900 
 O                  3.24797300    0.18961800    6.72549500 
 S                 -0.19599800    0.39587900    1.22903700 
 O                 -1.27238200    1.04827100    0.47531600 
 O                 -0.56417200   -0.97140900    1.74432100 
 O                  0.98809500    0.07217800    0.09417900 
 O                  0.50334700    1.20325400    2.25114400 
 H                  0.59226700    0.31873600   -0.76021900 
 
1h 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.48038900   -2.94459400    3.20767700 
 C                  2.10642300   -1.58079600    3.51785500 
 C                  1.53622400   -0.83882500    4.74048700 
 C                 -0.00325100   -0.75089100    4.72039000 
 C                 -0.76532100   -2.05090800    4.42796500 
 H                  3.17989400   -1.74124700    3.67286400 
 H                  1.88070100   -1.30014400    5.67066200 
 H                 -0.34551100   -0.38808100    5.69671900 
 H                 -0.29663700   -0.00431100    3.98377700 
 H                  1.98540200   -0.93988900    2.64545300 
 C                 -2.19235000   -1.77361600    3.94264700 
 H                 -2.77777900   -2.69227600    3.85632400 
 H                 -2.67197800   -1.12636400    4.68379200 
 H                 -2.16718000   -1.26003200    2.98078900 
 C                 -0.81546700   -2.98565900    5.66606200 
 H                 -1.51870000   -2.53556900    6.37280200 
 H                 -1.19095400   -3.97835100    5.40002400 
 H                  0.14567400   -3.08372800    6.17278400 
 C                  1.92734600   -4.03480200    4.21657100 
 H                  1.33392400   -4.94776900    4.10824300 
 H                  2.96711300   -4.27677300    3.97716000 
 H                  1.89673800   -3.70057300    5.25445200 
 C                  1.79987000   -3.40701500    1.78190900 
99 
 
 H                  2.88551600   -3.35211000    1.65256200 
 H                  1.48325600   -4.43834400    1.60746600 
 H                  1.31147500   -2.74500100    1.06549900 
 N                 -0.04914200   -2.85429000    3.33090500 
 O                 -0.70209600   -3.64754100    2.71145200 
 N                  2.07344600    0.51131700    4.74556600 
 H                  1.86179400    1.05908000    3.91003500 
 C                  3.27347200    2.44468000    5.61323700 
 H                  4.36563700    2.46312200    5.68465600 
 H                  2.96820800    2.89283800    4.66325200 
 H                  2.88441100    3.05010400    6.43800000 
 C                  2.79473400    1.01114000    5.78877400 
 O                  3.04846300    0.36247800    6.80187400 
 O                 -1.57928600    0.94792400    1.60928000 
 O                 -0.23134700   -1.16027100    1.61071100 
 O                  0.10830600    0.58110200   -0.26745500 
 O                  0.97306000    1.13031800    2.07661700 
 H                  0.96893000    1.01277100   -0.39087900 
 P                 -0.08114500    0.33365900    1.34517200 
 H                 -1.56047400    1.91359000    1.51041300 
 
1i 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1  
 C                  1.44059000   -2.81000800    3.16775900 
 C                  2.14552000   -1.50918500    3.57182700 
 C                  1.59948700   -0.81129700    4.83198100 
 C                  0.07156200   -0.62244800    4.78841700 
 C                 -0.74702300   -1.87638400    4.45806800 
 H                  3.20364100   -1.74711500    3.73174700 
 H                  1.89430600   -1.35688800    5.73308800 
 H                 -0.26722900   -0.25921200    5.76569800 
 H                 -0.15706200    0.14747100    4.05121600 
 H                  2.08626400   -0.80620100    2.74026400 
 C                 -2.17291000   -1.52805000    4.01640000 
 H                 -2.79983600   -2.41852100    3.92687300 
 H                 -2.60679600   -0.87570100    4.78074600 
 H                 -2.15625300   -1.00143100    3.06124300 
 C                 -0.80900900   -2.86204000    5.65389900 
 H                 -1.48600200   -2.42257600    6.39241600 
 H                 -1.22053700   -3.82959600    5.35123700 
 H                  0.15638700   -3.01264300    6.13852600 
100 
 
 C                  1.83262200   -3.99374700    4.09072400 
 H                  1.18381700   -4.85900900    3.92491800 
 H                  2.85366800   -4.28001900    3.82153300 
 H                  1.83089700   -3.73488500    5.15042100 
 C                  1.73198700   -3.18931100    1.71141300 
 H                  2.81826400   -3.18058300    1.57752800 
 H                  1.36230100   -4.18894100    1.47092700 
 H                  1.27951300   -2.46426900    1.03367700 
 N                 -0.08047900   -2.64474600    3.30656300 
 O                 -0.77859400   -3.36650300    2.64440200 
 N                  2.22657000    0.49418600    4.94990900 
 H                  2.05015700    1.13620900    4.18387100 
 C                  3.57873800    2.25399700    5.96387500 
 H                  4.67071900    2.19338500    6.00588500 
 H                  3.28565000    2.81507500    5.07162300 
 H                  3.24935900    2.79938100    6.85376300 
 C                  3.00806800    0.84551100    6.01464400 
 O                  3.23752900    0.08401700    6.95000400 
 C                  0.13675000    0.34655300    1.51677600 
 O                 -0.24099600   -0.84146500    1.73639700 
 O                  0.86120400    1.09628900    2.17600200 
 C                 -0.46400400    0.92111300    0.15041700 
 Cl                 0.01082500   -0.16850800   -1.21202600 
 Cl                -2.26914200    0.95140000    0.28512000 
 Cl                 0.12025300    2.57478300   -0.19745900 
 
1j 
Solvent: Gas 
    
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.51173900   -2.75818000    3.15813100 
 C                  2.14945800   -1.43657300    3.60250200 
 C                  1.54672400   -0.78719400    4.86294100 
 C                  0.01314500   -0.66711500    4.79328600 
 C                 -0.74134600   -1.94771400    4.41674700 
 H                  3.21381800   -1.62922500    3.78120100 
 H                  1.85190500   -1.33384500    5.75978100 
 H                 -0.36033200   -0.34126800    5.77122700 
 H                 -0.23474000    0.10894400    4.06880400 
 H                  2.07415200   -0.72035200    2.78393300 
 C                 -2.17123800   -1.64904100    3.94978600 
 H                 -2.75858900   -2.56269600    3.83071200 
 H                 -2.64833800   -1.02868000    4.71513700 
101 
 
 H                 -2.15458400   -1.10646300    3.00371700 
 C                 -0.79071200   -2.95930500    5.59068500 
 H                 -1.50289600   -2.56534800    6.32185600 
 H                 -1.15310300   -3.93640400    5.25756000 
 H                  0.16832800   -3.08067300    6.09611800 
 C                  1.93602800   -3.94175900    4.06570000 
 H                  1.33103200   -4.83128200    3.86611600 
 H                  2.97566000   -4.17643800    3.81851300 
 H                  1.89546500   -3.70590200    5.13006800 
 C                  1.85164900   -3.09376800    1.70109300 
 H                  2.93941100   -3.03932600    1.59191800 
 H                  1.52757300   -4.10176100    1.43131900 
 H                  1.38413300   -2.37286000    1.02918500 
 N                 -0.01807500   -2.66209000    3.26484900 
 O                 -0.66731500   -3.42440400    2.59423100 
 N                  2.10758800    0.54556000    5.01213500 
 H                  1.90498800    1.19031400    4.25464000 
 C                  3.46004100    2.31665800    6.00452900 
 H                  4.55350700    2.28965200    5.96128600 
 H                  3.08370500    2.90028700    5.15915000 
 H                  3.18433600    2.81802700    6.93732800 
 C                  2.93592300    0.88941900    6.04282700 
 O                  3.23806400    0.10992300    6.94209200 
 C                  0.08957800    0.33154800    1.54912700 
 O                 -0.22406900   -0.88504400    1.75735900 
 O                  0.75834800    1.12133600    2.22630100 
 C                 -0.49415200    0.84488700    0.19515800 
 F                 -1.83529100    0.68639500    0.16424500 
 F                  0.02650800    0.14413500   -0.83668500 
 F                 -0.22982800    2.14231500   -0.01457200 
 
1k 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.46758900   -2.87855100    3.20683700 
 C                  2.06647600   -1.50369100    3.53977600 
 C                  1.49867300   -0.81499700    4.79400400 
 C                 -0.03768600   -0.73978600    4.76730700 
 C                 -0.77291300   -2.06038300    4.49278900 
 H                  3.14519900   -1.64590500    3.67209800 
 H                  1.84910000   -1.31799700    5.70015300 
 H                 -0.39448200   -0.36674500    5.73401700 
102 
 
 H                 -0.33047500   -0.01751200    4.00562000 
 H                  1.92359200   -0.84641800    2.68206600 
 C                 -2.21864500   -1.82205500    4.04197400 
 H                 -2.78854100   -2.75266000    3.98611000 
 H                 -2.69002500   -1.17272900    4.78616400 
 H                 -2.23455500   -1.32337800    3.07128200 
 C                 -0.76368800   -3.00218700    5.72746500 
 H                 -1.45998700   -2.57114200    6.45265100 
 H                 -1.12123900   -4.00335300    5.46836200 
 H                  0.21295900   -3.07527000    6.20742300 
 C                  1.96516100   -3.98413600    4.17646600 
 H                  1.39797100   -4.91137400    4.05024100 
 H                  3.00716600   -4.18548000    3.91151800 
 H                  1.94210700   -3.68156400    5.22383200 
 C                  1.76363800   -3.29523600    1.76277100 
 H                  2.84769000   -3.24175000    1.62318900 
 H                  1.43921900   -4.31813700    1.55774600 
 H                  1.28385000   -2.60940600    1.06414000 
 N                 -0.05860200   -2.83206900    3.37415900 
 O                 -0.71603800   -3.57781000    2.70580800 
 N                  2.02987000    0.53416700    4.87504500 
 H                  1.77798400    1.15731500    4.11336100 
 C                  3.34822700    2.37070100    5.79240700 
 H                  4.44167700    2.37688200    5.74416900 
 H                  2.94862300    2.91476100    4.93171500 
 H                  3.06073800    2.89187500    6.71080400 
 C                  2.87034800    0.93035500    5.87802900 
 O                  3.21560100    0.18183100    6.78824800 
 S                 -0.22450700    0.47112200    1.26616200 
 O                 -1.46111000    1.13194000    0.83870500 
 O                 -0.39513500   -0.97667700    1.65174100 
 O                  0.64515200    1.21551400    2.21259300 
 C                  0.82125000    0.34215600   -0.26971200 
 F                  1.96702500   -0.31997100    0.00779800 
 F                  1.14029000    1.55365000   -0.73267200 
 F                  0.17708100   -0.33271400   -1.22872500 
 
1l 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  1.57620700   -2.98982500    3.29305300 
 C                  2.21949300   -1.63587500    3.61561100 
103 
 
 C                  1.59867200   -0.86427000    4.79369400 
 C                  0.06390900   -0.73871400    4.69639500 
 C                 -0.71332000   -2.02262500    4.36721000 
 H                  3.27649100   -1.82462400    3.83773700 
 H                  1.87716300   -1.32362800    5.74659700 
 H                 -0.31314900   -0.37427800    5.65913500 
 H                 -0.19836500    0.01774500    3.95616300 
 H                  2.17119000   -1.00955900    2.72426100 
 C                 -2.10219100   -1.71022700    3.79971600 
 H                 -2.69148800   -2.61712000    3.64410700 
 H                 -2.61825000   -1.08340600    4.53359100 
 H                 -2.01461300   -1.14987800    2.86775400 
 C                 -0.85947400   -2.94750700    5.60722500 
 H                 -1.58927500   -2.47073800    6.26760800 
 H                 -1.24633700   -3.93220700    5.32770000 
 H                  0.06819300   -3.06506300    6.16880400 
 C                  1.93515400   -4.07340900    4.34481100 
 H                  1.31970200   -4.97007800    4.22349400 
 H                  2.97766700   -4.35121400    4.16362500 
 H                  1.86199100   -3.71650500    5.37277100 
 C                  1.96832100   -3.48597700    1.89733500 
 H                  3.06101000   -3.46777400    1.83751400 
 H                  1.62970800   -4.50906800    1.71573800 
 H                  1.55420600   -2.81867900    1.14025700 
 N                  0.04584500   -2.85894600    3.32532900 
 O                 -0.59101800   -3.62719200    2.65960100 
 N                  2.17653100    0.46893700    4.82184300 
 H                  2.05184500    1.01711600    3.97290700 
 C                  3.25598100    2.42248300    5.80220800 
 H                  4.31871300    2.44606000    6.06241500 
 H                  3.12149900    2.83690500    4.79892200 
 H                  2.73051600    3.05623200    6.52377600 
 C                  2.74904800    0.99568000    5.94358800 
 O                  2.85623400    0.36889100    6.99510400 
 S                  0.09136700    0.36892800    1.38250900 
 O                 -1.13872800    1.01161100    1.89743900 
 O                  0.04515500   -1.14714400    1.51837700 
 O                  1.36493700    0.94044500    1.91369600 
 C                  0.12635200    0.64185100   -0.40336800 
 H                  1.01729500    0.16639100   -0.81743000 
 H                 -0.77704600    0.21014300   -0.83784600 
 H                  0.15469600    1.71950700   -0.57694500 
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1’ 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                 -0.36302100   -1.15472500   -0.31967800 
 C                  0.36134600    0.19132700   -0.09676200 
 C                  0.01782600    0.85090900    1.24344600 
 C                 -1.50230200    1.03137700    1.34489100 
 C                 -2.29063000   -0.28543000    1.16935300 
 H                  1.44310200    0.03002900   -0.17178100 
 H                  0.37939800    0.24128900    2.07450100 
 H                 -1.76185700    1.47459700    2.31324300 
 H                 -1.82140700    1.73985300    0.56687600 
 H                  0.07879900    0.87851200   -0.90791800 
 C                 -3.77698000    0.06144200    0.95403000 
 H                 -4.38289800   -0.84667700    0.88460000 
 H                 -4.15467900    0.65765800    1.79225900 
 H                 -3.90449700    0.63836100    0.03142400 
 C                 -2.18076100   -1.17882000    2.42655000 
 H                 -2.76688700   -0.73931300    3.24180800 
 H                 -2.58360500   -2.17313600    2.21668700 
 H                 -1.15674300   -1.29069200    2.78905700 
 C                  0.25697400   -2.27525900    0.54667300 
 H                 -0.37720400   -3.16507300    0.51843600 
 H                  1.24172900   -2.54608600    0.14847700 
 H                  0.39773900   -1.98450600    1.58988400 
 C                 -0.20724600   -1.55072700   -1.80143400 
 H                  0.85321000   -1.60035700   -2.07314900 
 H                 -0.65146800   -2.53215900   -1.99100400 
 H                 -0.69754700   -0.81409000   -2.44749700 
 N                 -1.81730200   -0.91097400   -0.09955400 
 N                  0.71696700    2.12314900    1.39320600 
 H                  0.58778100    2.82098500    0.67337400 
 C                  2.04968100    3.84767800    2.50185800 
 H                  3.12227000    3.76548400    2.69999300 
 H                  1.90078400    4.39500100    1.56531500 
 H                  1.61069900    4.42507400    3.32205400 
 C                  1.44437100    2.45022600    2.50605300 
 O                  1.60574800    1.68257800    3.44751000 
 O                 -2.50166800   -2.17858400   -0.24733600 
 H                 -3.04422900   -2.03111000   -1.03749600 
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1a’ 
Solvent: Gas 
HCl 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 Cl                -3.28513700   -0.30918700   -2.41189000 
 H                 -1.99513700   -0.30918700   -2.41189000 
 
1b’ 
Solvent: Gas 
HBr 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 Br                -2.29043600    0.90903400   -1.90524600 
 H                 -0.85200800    0.90903400   -1.90524600 
 
1c’ 
Solvent: Gas 
HBF4 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 B                 -2.80769000    1.82994000   -1.89393200 
 F                 -3.42458500    2.40846900   -0.88237800 
 F                 -2.18026400    0.66840500   -1.69593900 
 F                 -2.97780400    2.26805700   -3.12578000 
 F                 -0.77886200    2.77835200   -1.54996300 
 H                 -0.39400400    1.93166700   -1.41746300 
 
1d’ 
Solvent: Gas 
HPF6 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 P                 -3.17258700    0.84134200   -3.24671800 
 F                 -2.91583400    2.38639300   -3.52053200 
 F                 -1.70937400    1.35415000   -1.41526900 
 F                 -4.29825700    1.24989900   -2.20791000 
 F                 -3.09636500   -0.58455700   -2.54722100 
 F                 -4.01214000    0.47865900   -4.50950400 
 F                 -1.68174100    0.57039600   -3.79690700 
 H                 -0.91597300    1.15064100   -1.87917800 
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1f’ 
Solvent: Gas 
HNO3 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 O                 -1.07102700    2.79686400   -1.69519900 
 N                 -2.00450000    1.84520400   -2.15508000 
 O                 -1.90698200    0.73344300   -1.66945200 
 O                 -2.77504900    2.27380800   -2.97288800 
 H                 -0.54076700    2.28276300   -1.05318500 
 
1g’ 
Solvent: Gas 
H2SO4 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 S                 -0.14388200    0.46542400    1.18123800 
 O                 -1.30776300    1.04563900    0.54835000 
 O                 -0.55298000   -1.07280800    1.52460400 
 O                  1.00796900    0.25322700    0.05011900 
 O                  0.53534800    1.02699500    2.32803700 
 H                  0.56408300    0.15727400   -0.81440800 
 H                  0.07311400   -1.40588600    2.19594000 
 
1h’ 
Solvent: Gas 
H3PO4 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 O                 -1.53521200    0.81137200    1.55807900 
 O                 -0.02712100   -1.16043500    1.25425800 
 O                  0.10164700    0.76850600   -0.33271300 
 O                  1.01722100    1.09274300    2.10665900 
 H                  1.03077900    0.84508500   -0.60635600 
 P                  0.00294000    0.45018800    1.24349100 
 H                 -1.61695700    1.73872300    1.83620700 
 H                  0.17345700   -1.49828900    2.14286900 
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1i’ 
Solvent: Gas 
CCl3CO2H 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  0.20168700    0.31082100    1.36770500 
 O                 -0.19435400   -0.95850100    1.53335600 
 O                  0.96743500    0.90071500    2.08126700 
 C                 -0.47256500    0.93077000    0.10795400 
 Cl                -0.00000600   -0.04096700   -1.33293900 
 Cl                -2.25886600    0.87842400    0.32705500 
 Cl                 0.06302100    2.61408900   -0.09603700 
 H                  0.25780200   -1.29111300    2.33164600 
 
1j’ 
Solvent: Gas 
CF3CO2H 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  0.08106300    0.38978000    1.47747400 
 O                 -0.44585700   -0.38131900    2.23487300 
 O                  1.27814000    0.97112300    1.64712100 
 C                 -0.54679800    0.85426200    0.14549400 
 F                 -1.73719200    0.27875300   -0.02648200 
 F                  0.24992300    0.52165100   -0.88483400 
 F                 -0.70519900    2.18893900    0.14637900 
 H                  1.63426900    0.64895500    2.49740100 
 
1k’ 
Solvent: Gas 
CF3SO3H 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 S                 -0.17302900    0.49853600    1.21402300 
 O                 -1.46425500    1.04318300    0.85229800 
 O                 -0.37694500   -1.09157600    1.52142600 
 O                  0.68578200    1.06477200    2.24429000 
 C                  0.84233300    0.36806200   -0.35058000 
 F                  1.95291800   -0.32550900   -0.09236100 
 F                  1.16286300    1.59624500   -0.74739200 
 F                  0.14033500   -0.24539500   -1.29677900 
 H                  0.27664000   -1.35173400    2.19964900 
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1l’ 
Solvent: Gas 
CH3SO3H 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 S                  0.14174100    0.41057200    1.33099300 
 O                 -1.09453400    0.91664200    1.90945700 
 O                  0.09240400   -1.23898100    1.31725900 
 O                  1.44239400    0.79100700    1.88109500 
 C                  0.10974800    0.68354900   -0.44231500 
 H                  1.00899400    0.25177000   -0.88288600 
 H                 -0.79063600    0.22045700   -0.84906000 
 H                  0.08312900    1.76432200   -0.59636900 
 H                  0.75237800   -1.53774200    1.97171000 
 
TS13m-a 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.94925600    2.08088500    3.69580500 
 C                  5.99604600    3.37156300    4.52898400 
 C                  5.59814700    3.19025800    6.00181600 
 C                  6.93086700    0.98425600    4.13318400 
 H                  7.00937400    3.80115200    4.48690400 
 H                  5.32129300    4.09577700    4.05834300 
 H                  4.92302600    1.68942300    3.70915500 
 H                  6.15636500    2.33963100    2.64772500 
 H                  6.70747400    0.66651800    5.16069400 
 H                  7.95090100    1.39616800    4.15664500 
 H                  4.61395100    2.70443900    6.05527700 
 C                  6.89787800   -0.24184200    3.21411600 
 H                  5.89763400   -0.69163300    3.19260900 
 H                  7.15785400    0.02943400    2.18339000 
 H                  6.30397600    2.50721700    6.49165900 
 C                  5.58155600    4.50594200    6.79959300 
 H                  6.47979600    5.08967100    6.55581600 
 H                  5.64493500    4.29284800    7.87619500 
 C                  4.35117400    5.41823800    6.55898500 
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 H                  4.56054000    6.40008100    7.00259300 
 H                  4.17287400    5.56952500    5.49052600 
 C                  3.10303100    4.84477400    7.21166400 
 H                  2.35510300    5.87904100    7.58991200 
 H                  3.25319900    4.44233300    8.22661000 
 O                  2.19926100    4.16792700    6.53297700 
 H                  2.31414100    4.09453000    5.41697100 
 C                  0.02133000    6.63299100    5.77589600 
 C                 -0.67719100    5.63996800    4.82669900 
 C                 -1.76316900    4.78719600    5.48887700 
 C                 -1.19830100    4.04802600    6.71454000 
 C                 -0.58023300    4.97686400    7.77566500 
 H                 -1.11058200    6.21310400    3.99869200 
 H                 -2.61541800    5.40019900    5.79518700 
 H                 -2.00141900    3.47026000    7.18422300 
 H                 -0.42883400    3.34419100    6.37724900 
 H                  0.08749000    4.98079800    4.39660500 
 C                  0.18828400    4.14801700    8.81652800 
 H                  0.63725500    4.78515300    9.58358900 
 H                 -0.52419700    3.47937800    9.30954600 
 H                  0.96027600    3.53879200    8.34632000 
 C                 -1.65322700    5.79926100    8.53100500 
 H                 -2.22034500    5.12087600    9.17609600 
 H                 -1.17962600    6.55667600    9.16361700 
 H                 -2.36821200    6.29035700    7.87045300 
 C                 -0.87063900    7.85564000    6.10253900 
 H                 -0.42281800    8.45612900    6.90046200 
 H                 -0.94470100    8.48084800    5.20681100 
 H                 -1.88548200    7.58254300    6.39585500 
 C                  1.31136400    7.14494600    5.11862900 
 H                  1.03753200    7.65833600    4.19193500 
 H                  1.83524700    7.85892300    5.75940600 
 H                  1.97501400    6.32338000    4.84396600 
 N                  0.37161900    5.91323100    7.06211000 
 O                  1.28336900    6.46825700    7.78017200 
 N                 -2.29754700    3.84695700    4.51140600 
 H                 -1.64494300    3.41334700    3.87119100 
 C                 -3.97314200    2.35860400    3.53015400 
 H                 -4.84209200    2.73199000    2.97989400 
 H                 -3.17367400    2.12786200    2.81939200 
 H                 -4.27908900    1.43609800    4.03369700 
 C                 -3.58422400    3.38714100    4.58118900 
 O                 -4.37893400    3.78699100    5.42619500 
 H                  7.60389900   -1.01283400    3.54464200 
 Cl                 2.35866200    3.80277900    3.76797600 
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TS13m-b  
Solvent: Gas 
  
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  5.57547000    2.01237900    3.70587700 
 C                  5.66605400    3.30913700    4.52650300 
 C                  5.45373800    3.11720000    6.03593500 
 C                  6.64120300    0.95546200    4.02720900 
 H                  6.64506500    3.78541100    4.36036900 
 H                  4.90264600    3.99414800    4.13917800 
 H                  4.57053000    1.58941000    3.83479300 
 H                  5.65268100    2.27562900    2.64134600 
 H                  6.54500900    0.62590200    5.07063500 
 H                  7.64125600    1.40647300    3.94102800 
 H                  4.48175800    2.63307800    6.20323900 
 C                  6.55426900   -0.26906100    3.10953300 
 H                  5.57488100   -0.75563100    3.19407800 
 H                  6.69042100    0.01411900    2.05841500 
 H                  6.21122400    2.42840200    6.43087600 
 C                  5.54617700    4.42107100    6.84603000 
 H                  6.44303000    4.97607800    6.53894500 
 H                  5.68258900    4.19237100    7.91227100 
 C                  4.33889200    5.38836100    6.70606500 
 H                  4.62253300    6.35735300    7.13590000 
 H                  4.09143300    5.55353500    5.65402500 
 C                  3.12752600    4.87601900    7.45448800 
 H                  2.33692800    5.96076400    7.73585300 
 H                  3.30002500    4.60902000    8.50800000 
 O                  2.21064400    4.11671900    6.89556200 
 H                  2.23104000    3.92626900    5.82701800 
 C                  0.11250400    6.69934400    5.82728400 
 C                 -0.62736800    5.73839000    4.87024500 
 C                 -1.63920300    4.75396000    5.48355700 
 C                 -1.09837900    4.09889800    6.76686700 
 C                 -0.61314300    5.10480600    7.82507200 
 H                 -1.12887200    6.34098200    4.10421700 
 H                 -2.59921400    5.23516800    5.68624900 
 H                 -1.88471200    3.47525800    7.20731000 
 H                 -0.26292200    3.44324300    6.49910300 
 H                  0.13319900    5.14084600    4.35968500 
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 C                  0.05021500    4.37296600    9.00087000 
 H                  0.41944100    5.07482600    9.75394500 
 H                 -0.70650100    3.73932900    9.47339200 
 H                  0.86623400    3.73402600    8.66419400 
 C                 -1.77621400    5.95226800    8.39843900 
 H                 -2.39895900    5.30657500    9.02596300 
 H                 -1.39159500    6.76550000    9.02231200 
 H                 -2.42322100    6.37497700    7.62940400 
 C                 -0.68243800    7.99786200    6.10726200 
 H                 -0.19185600    8.59172800    6.88515700 
 H                 -0.70942800    8.59387300    5.18930800 
 H                 -1.71456300    7.81031800    6.40657100 
 C                  1.44999800    7.08735800    5.17179700 
 H                  1.22715300    7.61362200    4.23842000 
 H                  2.03919200    7.75721000    5.80364900 
 H                  2.03075700    6.20051000    4.90617800 
 N                  0.39222400    5.99820100    7.13799700 
 O                  1.30129300    6.55056800    7.87400600 
 N                 -1.92373700    3.72670600    4.48946200 
 H                 -1.11964400    3.25452300    4.08781300 
 C                 -3.28483800    2.20570100    3.15242400 
 H                 -2.31374900    1.87750300    2.76997000 
 H                 -3.80008800    1.35026100    3.60068300 
 H                 -3.89943000    2.55331000    2.31626500 
 C                 -3.19168100    3.31888200    4.18567300 
 O                 -4.19161400    3.81417000    4.69767100 
 H                  7.32017200   -1.01364200    3.35674300 
 Br                 1.97691700    3.32179000    4.06822800 
 
TS13m-c 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.63416600    2.10892700    3.67175300 
 C                  5.65116900    3.33548300    4.59998700 
 C                  5.44062200    3.01198500    6.08776100 
 C                  6.76320800    1.09629900    3.91002600 
 H                  6.60645100    3.87138400    4.48514600 
 H                  4.86242200    4.01846700    4.26165800 
 H                  4.66022900    1.61246100    3.75226100 
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 H                  5.70322000    2.46890700    2.63506800 
 H                  6.68101500    0.66782900    4.91808000 
 H                  7.73405500    1.61354500    3.87536500 
 H                  4.47615800    2.50357500    6.22002700 
 C                  6.75514100   -0.04384400    2.88567700 
 H                  5.80622400   -0.59234300    2.91603200 
 H                  6.88065000    0.34037000    1.86578600 
 H                  6.20372800    2.29674500    6.41887000 
 C                  5.53745600    4.23665200    7.01166600 
 H                  6.46296300    4.78450200    6.78948900 
 H                  5.61881500    3.91403700    8.05848400 
 C                  4.37251000    5.26388600    6.90183600 
 H                  4.68158500    6.19593500    7.39009500 
 H                  4.16314400    5.49607300    5.85374500 
 C                  3.12773300    4.77368700    7.59425000 
 H                  2.28423500    5.89320800    7.73820300 
 H                  3.20335100    4.59058000    8.67304200 
 O                  2.26135200    3.96232900    7.02825500 
 H                  2.33846400    3.79663000    6.01760100 
 C                  0.17752800    6.43589400    5.65635500 
 C                 -0.55941100    5.40146700    4.78507000 
 C                 -1.71567700    4.65728300    5.46633500 
 C                 -1.26798300    4.05850000    6.81226500 
 C                 -0.66694000    5.08505700    7.79018600 
 H                 -0.93431400    5.91784900    3.89375200 
 H                 -2.57532300    5.31547700    5.62092800 
 H                 -2.13232000    3.58942900    7.29561600 
 H                 -0.52981900    3.27210600    6.62102800 
 H                  0.16438900    4.66270900    4.43518400 
 C                 -0.03497900    4.36087400    8.98886000 
 H                  0.41931000    5.06473600    9.69258200 
 H                 -0.83093100    3.82762100    9.51708800 
 H                  0.70618900    3.62851600    8.66818100 
 C                 -1.73219500    6.06627200    8.33950900 
 H                 -2.39261300    5.51752200    9.01840400 
 H                 -1.25788900    6.87519700    8.90480700 
 H                 -2.35924700    6.50128900    7.56081100 
 C                 -0.60018600    7.76929000    5.77159200 
 H                 -0.13880300    8.42497800    6.51670400 
 H                 -0.56542600    8.27678300    4.80216800 
 H                 -1.65098300    7.62751600    6.02869000 
 C                  1.54394000    6.73207200    5.01542200 
 H                  1.36778200    7.15034500    4.01992100 
 H                  2.11900400    7.46293400    5.59025700 
 H                  2.12275700    5.81708300    4.87883000 
 N                  0.39362100    5.85537100    7.03550900 
 O                  1.28037500    6.47866800    7.75518400 
 N                 -2.17899100    3.60853600    4.57021100 
 H                 -1.46388600    3.02996800    4.13897300 
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 C                 -3.80406800    2.13164600    3.51078700 
 H                 -2.91548600    1.71782100    3.02511300 
 H                 -4.29858000    1.34031300    4.08344700 
 H                 -4.50965400    2.46785600    2.74486200 
 C                 -3.50149400    3.29626700    4.44183500 
 O                 -4.39095800    3.91144900    5.02515700 
 H                  7.56331100   -0.76016000    3.07466500 
 B                  1.51925900    2.19640300    4.38127800 
 F                  1.08277500    1.81598700    5.64290900 
 F                  2.33481100    1.27350500    3.78440800 
 F                  0.44459800    2.57055500    3.56815600 
 F                  2.33250200    3.44385900    4.60057800 
 
TS13m-d 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  5.89298200    1.71194200    3.93407400 
 C                  5.70774100    3.10022200    4.57109500 
 C                  5.56937600    3.07404300    6.10224400 
 C                  7.24075800    1.03956900    4.22925600 
 H                  6.55991700    3.74226800    4.29765700 
 H                  4.81343200    3.55327700    4.13079900 
 H                  5.06983300    1.06189600    4.25413700 
 H                  5.78003500    1.81636400    2.84702300 
 H                  7.36342600    0.88972000    5.31098400 
 H                  8.05698600    1.70984700    3.92077900 
 H                  4.65287600    2.53100000    6.36962100 
 C                  7.39534300   -0.31052500    3.52043200 
 H                  6.61088800   -1.01106700    3.83144200 
 H                  7.31982300   -0.19587200    2.43217300 
 H                  6.39893400    2.50223300    6.53710600 
 C                  5.58934100    4.46308700    6.75981700 
 H                  6.44865800    5.03213200    6.38095900 
 H                  5.74353000    4.36618900    7.84334200 
 C                  4.32996700    5.34813900    6.52360500 
 H                  4.56637000    6.37133000    6.84069400 
 H                  4.07001400    5.38035100    5.46179300 
 C                  3.15908600    4.85717300    7.33327700 
 H                  2.30900600    5.98719200    7.53993600 
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 H                  3.32070700    4.69752900    8.40523700 
 O                  2.25398400    4.03068700    6.85126400 
 H                  2.27014600    3.91132300    5.84289800 
 C                 -0.04259800    6.48457300    5.73821300 
 C                 -0.79233400    5.37984300    4.96903600 
 C                 -1.84624700    4.61180200    5.78223000 
 C                 -1.25186800    4.08233900    7.09987600 
 C                 -0.58689400    5.15920600    7.97811600 
 H                 -1.27170200    5.83795700    4.09662000 
 H                 -2.71851400    5.23855600    5.98670500 
 H                 -2.04430800    3.60061700    7.68371000 
 H                 -0.50643000    3.31734000    6.86126600 
 H                 -0.06182400    4.66427300    4.58750100 
 C                  0.20433400    4.49151200    9.11390200 
 H                  0.69179900    5.23060800    9.75617700 
 H                 -0.50147700    3.92643600    9.72994800 
 H                  0.94571300    3.79140300    8.72735200 
 C                 -1.62439600    6.11046800    8.62490600 
 H                 -2.16587800    5.55904900    9.40027000 
 H                 -1.12606000    6.96254900    9.09832400 
 H                 -2.36482100    6.48452200    7.91752300 
 C                 -0.89880000    7.76230200    5.91490600 
 H                 -0.41695400    8.46038700    6.60686800 
 H                 -0.99020800    8.25569900    4.94187600 
 H                 -1.90863100    7.55408100    6.27046600 
 C                  1.22655700    6.86754100    4.95999200 
 H                  0.92079000    7.23702800    3.97671100 
 H                  1.78974300    7.66087100    5.45856900 
 H                  1.86696100    6.00222500    4.78671500 
 N                  0.35145600    5.93855000    7.08977000 
 O                  1.32873400    6.56575500    7.68279500 
 N                 -2.35114700    3.50732100    4.98175200 
 H                 -1.66344000    2.86679300    4.60249600 
 C                 -4.02461200    2.09567700    3.90483600 
 H                 -4.59400400    2.43470000    3.03381800 
 H                 -3.14751400    1.53865800    3.56251800 
 H                 -4.67395500    1.42549800    4.47685300 
 C                 -3.68541500    3.30264900    4.76576800 
 O                 -4.55424500    4.03751800    5.22677600 
 H                  8.36439400   -0.77313900    3.74166000 
 P                  1.69181700    2.23595900    3.75580700 
 F                  0.50969500    2.35363000    4.90817800 
 F                  1.14076300    0.81649900    3.26338400 
 F                  0.73621800    3.06212900    2.74577700 
 F                  2.90014300    2.25984300    2.69254300 
 F                  2.65932400    1.56368000    4.87863900 
 F                  2.26804100    3.78087500    4.34377100 
 
 
115 
 
 
TS13m-f 
Solvent: Gas 
  
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.94911700    1.88223700    4.05801200 
 C                  6.09361900    3.23470800    4.77762500 
 C                  5.75248400    3.19915000    6.27557600 
 C                  6.93204600    0.79598500    4.51784000 
 H                  7.12433900    3.60101500    4.65604100 
 H                  5.45091100    3.96628800    4.27214500 
 H                  4.91988800    1.51381600    4.17970800 
 H                  6.08525100    2.04368300    2.97929700 
 H                  6.77780100    0.57577800    5.58251700 
 H                  7.95932300    1.17941400    4.43107000 
 H                  4.74832400    2.77266200    6.41226100 
 C                  6.80192200   -0.50200100    3.71365900 
 H                  5.79318700   -0.92346600    3.80384200 
 H                  6.99106800   -0.32772100    2.64724600 
 H                  6.44257100    2.51686600    6.78805400 
 C                  5.83269500    4.57153400    6.96676100 
 H                  6.76949900    5.06796900    6.67675400 
 H                  5.89473500    4.42631500    8.05457800 
 C                  4.66099100    5.53786100    6.68047300 
 H                  4.91163800    6.51477600    7.11435300 
 H                  4.52427400    5.68778900    5.60460100 
 C                  3.34564500    5.02402700    7.28656300 
 H                  2.69320200    6.03875000    7.65913200 
 H                  3.48960600    4.57306200    8.29210700 
 O                  2.45748100    4.41706700    6.54449400 
 H                  2.49261300    3.61620000    5.17078200 
 C                  0.37957900    6.58111000    5.66386300 
 C                 -0.19694000    5.49280600    4.74038200 
 C                 -1.27304100    4.60624000    5.38327200 
 C                 -0.74269900    3.97935800    6.68098600 
 C                 -0.23777900    5.00231700    7.71466900 
 H                 -0.60753300    5.98069300    3.84918100 
 H                 -2.18020600    5.18305900    5.58032000 
 H                 -1.53341700    3.37959100    7.14601500 
 H                  0.08426400    3.30316200    6.43696700 
116 
 
 H                  0.62661300    4.85521100    4.40642000 
 C                  0.51761200    4.27626600    8.83794700 
 H                  0.90191700    4.98189800    9.57878300 
 H                 -0.18292300    3.60238500    9.34155500 
 H                  1.34045800    3.68788900    8.43282600 
 C                 -1.39640100    5.79874700    8.36175500 
 H                 -1.95401300    5.12955500    9.02507900 
 H                 -1.00181500    6.62303900    8.96379200 
 H                 -2.10509400    6.20236000    7.63742400 
 C                 -0.61059500    7.75400400    5.86063300 
 H                 -0.25776500    8.42203300    6.65212300 
 H                 -0.66143800    8.32728100    4.92919600 
 H                 -1.62490800    7.43042600    6.09950700 
 C                  1.67109700    7.14492700    5.05617800 
 H                  1.43580200    7.56173200    4.07176500 
 H                  2.08715200    7.94374200    5.67503100 
 H                  2.41488800    6.36004800    4.92314000 
 N                  0.70319800    5.96127200    7.00964600 
 O                  1.48290400    6.64004800    7.75613800 
 N                 -1.69426900    3.56993900    4.44995600 
 H                 -0.99072400    2.92584800    4.11283100 
 C                 -3.23614100    2.29815900    3.04277100 
 H                 -3.99206100    1.62958900    3.46611500 
 H                 -3.64969200    2.71226000    2.11805600 
 H                 -2.34056600    1.71684600    2.80243100 
 C                 -2.98836500    3.43743500    4.01998800 
 O                 -3.88995800    4.18066000    4.39062500 
 H                  7.51288100   -1.26151000    4.05913500 
 O                  3.12134200    4.48870700    3.19578600 
 N                  2.69713400    3.34146600    3.25569200 
 O                  2.30267800    2.87767500    4.49013500 
 O                  2.56643200    2.54643300    2.35221200 
 
TS13m-g 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  7.17897700    2.13036100    3.82374500 
 C                  6.85192900    3.45161300    4.54401900 
 C                  6.58630300    3.29067200    6.04894600 
117 
 
 C                  8.57357900    1.55463000    4.11424500 
 H                  7.68071400    4.15919700    4.39156800 
 H                  5.97212900    3.89802400    4.06652400 
 H                  6.42736600    1.37677800    4.10594200 
 H                  7.09589600    2.28977300    2.73639700 
 H                  8.68277500    1.37296800    5.19123200 
 H                  9.33186800    2.30530500    3.85019400 
 H                  5.74609600    2.59857600    6.19582100 
 C                  8.85143800    0.25438900    3.35309800 
 H                  8.12974000   -0.52585000    3.62456000 
 H                  8.78349900    0.40678600    2.26851100 
 H                  7.45595800    2.81627900    6.52199100 
 C                  6.31706300    4.61424800    6.78391100 
 H                  7.11553500    5.32976000    6.54146400 
 H                  6.38641500    4.44403800    7.86744500 
 C                  4.96064500    5.29821500    6.49443400 
 H                  4.98264300    6.29371300    6.95696900 
 H                  4.81441400    5.45292000    5.41988700 
 C                  3.77327600    4.51021700    7.06221300 
 H                  2.89428100    5.37396100    7.37766000 
 O                  3.06517200    3.70523300    6.31098400 
 H                  3.34134200    3.30962100    4.95875900 
 C                  0.57757400    5.46501700    5.31130400 
 C                  0.17920400    4.28841200    4.40186200 
 C                 -0.75317400    3.25614200    5.05348000 
 C                 -0.13554700    2.73851700    6.36214100 
 C                  0.19931800    3.83764100    7.38550500 
 H                 -0.30103800    4.69970200    3.50657100 
 H                 -1.73923700    3.68845900    5.24289300 
 H                 -0.82558100    2.02981700    6.83404200 
 H                  0.78267500    2.18974000    6.12715100 
 H                  1.08671600    3.77729100    4.06836000 
 C                  1.05686800    3.25287700    8.51824700 
 H                  1.32431200    4.01851600    9.25139500 
 H                  0.46754200    2.48564500    9.03032100 
 H                  1.96172700    2.79069500    8.12317600 
 C                 -1.07326100    4.44999400    8.01934600 
 H                 -1.52398300    3.70626000    8.68432100 
 H                 -0.81806000    5.33093000    8.61647200 
 H                 -1.82997000    4.72991200    7.28553800 
 C                 -0.58004400    6.47827400    5.48188600 
 H                 -0.33505700    7.21439000    6.25357700 
 H                 -0.71934600    7.00979000    4.53488200 
 H                 -1.53112000    6.00646700    5.73333500 
 C                  1.77335800    6.20980900    4.70141800 
 H                  1.48369600    6.57346300    3.71062100 
 H                  2.06570500    7.07003200    5.30903500 
 H                  2.62942500    5.54570100    4.58084400 
 N                  0.97617500    4.93022500    6.67399000 
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 O                  1.61808900    5.74367600    7.41885300 
 N                 -0.99561600    2.15634600    4.13342900 
 H                 -0.18471600    1.65441800    3.78737600 
 C                 -2.31053000    0.60851200    2.78423100 
 H                 -2.84024100    0.92179700    1.87913900 
 H                 -1.32649200    0.21889500    2.50717900 
 H                 -2.89725100   -0.19425900    3.24203200 
 C                 -2.25256600    1.78435000    3.74844700 
 O                 -3.26918500    2.34920500    4.14298900 
 H                  9.85392800   -0.13025000    3.57165300 
 S                  3.22850200    1.43098800    3.79672700 
 O                  3.90175700    0.70680700    4.86782700 
 O                  3.47213300    2.98940500    3.95430400 
 O                  4.01124800    1.18865900    2.39652100 
 O                  1.83285400    1.14698000    3.49473400 
 H                  4.96923100    1.28392200    2.56888100 
 H                  3.96019600    4.12463800    8.08491800 
 
TS13m-h 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  6.82938900    4.53095400    4.10193200 
 C                  6.25694100    5.65694800    4.98411800 
 C                  6.52271500    5.46199300    6.48456400 
 C                  8.35294600    4.57612400    3.90837300 
 H                  6.67837800    6.61673300    4.64988400 
 H                  5.17339000    5.72661300    4.82482700 
 H                  6.57123000    3.55160000    4.54109400 
 H                  6.35749800    4.57057300    3.10849400 
 H                  8.85234100    4.54160000    4.88521300 
 H                  8.62214400    5.54279100    3.46015100 
 H                  5.94643900    4.59532800    6.83532300 
 C                  8.87991500    3.43741500    3.02952500 
 H                  8.65624100    2.45874400    3.47157000 
 H                  8.42430100    3.46201000    2.03188200 
 H                  7.57889600    5.20639500    6.64291700 
 C                  6.20907800    6.68925700    7.35395500 
 H                  6.86746700    7.51784500    7.05549200 
 H                  6.46969900    6.45733900    8.39620000 
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 C                  4.75574600    7.20943000    7.31703500 
 H                  4.70136500    8.09543400    7.96350000 
 H                  4.47974500    7.53124900    6.30806700 
 C                  3.73668900    6.16464600    7.79691200 
 H                  2.77081900    6.85986600    8.21079600 
 O                  3.14050400    5.39403900    6.92384200 
 H                  3.40723600    3.85637800    6.72118100 
 C                  0.44405900    6.71275000    6.11158200 
 C                  0.16755000    5.48296900    5.22952800 
 C                 -0.69719800    4.40352300    5.90129300 
 C                 -0.03241000    3.94313700    7.20467300 
 C                  0.26849800    5.07127900    8.20530600 
 H                 -0.32791800    5.82419600    4.31360200 
 H                 -1.70205000    4.79267400    6.08750400 
 H                 -0.67350000    3.20791300    7.70473600 
 H                  0.90068000    3.42990200    6.95495200 
 H                  1.12364500    5.03568200    4.93489300 
 C                  1.23519400    4.55574700    9.28250800 
 H                  1.46815600    5.33022700   10.01770000 
 H                  0.75312000    3.72368100    9.80525000 
 H                  2.15976300    4.18865000    8.83558800 
 C                 -1.01319400    5.57521200    8.91082900 
 H                 -1.36670600    4.79608900    9.59412700 
 H                 -0.79905400    6.47354400    9.49763700 
 H                 -1.82569800    5.79391400    8.21605000 
 C                 -0.81667100    7.59192100    6.29287600 
 H                 -0.63526000    8.36916200    7.04168600 
 H                 -1.04088100    8.08111100    5.33942200 
 H                 -1.70224800    7.02417900    6.58186700 
 C                  1.54031000    7.57556500    5.47433800 
 H                  1.19081200    7.90525800    4.49068900 
 H                  1.75176200    8.46357200    6.07631200 
 H                  2.45408800    6.99498700    5.35043500 
 N                  0.91485600    6.23439000    7.47324600 
 O                  1.45315600    7.11384700    8.22400200 
 N                 -0.88055900    3.26430100    5.01780900 
 H                 -0.06869600    2.66827500    4.86702300 
 C                 -2.03886100    1.83482100    3.42327300 
 H                 -1.09138800    1.28799100    3.43090100 
 H                 -2.84458100    1.16305900    3.73647900 
 H                 -2.26202600    2.15382100    2.40019100 
 C                 -2.03899400    3.05794100    4.33014500 
 O                 -3.02277500    3.78867100    4.43047800 
 H                  9.96607200    3.50361600    2.90089600 
 O                  3.68024200    3.20286700    4.01446600 
 O                  1.72720500    1.93488900    5.02822900 
 O                  4.11344800    0.92639400    5.17066500 
 O                  3.67328900    2.88639900    6.56327400 
 H                  3.61819300    0.19025100    4.77576600 
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 P                  3.16908500    2.23945800    5.20880600 
 H                  4.62724700    3.41480100    4.08336600 
 H                  4.03684400    5.67591500    8.74783100 
 
TS13m-i 
Solvent: Gas 
  
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  7.32482900    2.07757300    4.84155000 
 C                  6.73314000    3.49426000    4.94329900 
 C                  6.60256100    4.02790700    6.37794800 
 C                  8.79425600    1.95652200    5.26924700 
 H                  7.35208700    4.18900900    4.35499900 
 H                  5.74501300    3.48762300    4.46502900 
 H                  6.71357400    1.38585700    5.43994900 
 H                  7.23462100    1.73539100    3.80065900 
 H                  8.90373000    2.23922900    6.32443100 
 H                  9.39672000    2.67641100    4.69615800 
 H                  5.98880900    3.33091800    6.96565300 
 C                  9.35806000    0.54558400    5.06879000 
 H                  8.79367400   -0.19274500    5.65170900 
 H                  9.30548100    0.24350300    4.01552000 
 H                  7.59023800    4.03228300    6.85660600 
 C                  6.02993100    5.45607300    6.47446400 
 H                  6.67346100    6.12923900    5.89144300 
 H                  6.10324000    5.79972500    7.51632900 
 C                  4.58090200    5.64133000    5.99233300 
 H                  4.34128900    6.70903300    5.94677200 
 H                  4.46478300    5.26285700    4.96711100 
 C                  3.53024000    4.93111600    6.85465000 
 H                  3.63307400    5.51462400    7.99153900 
 O                  2.26561300    5.13618100    6.59693900 
 H                  1.35433600    4.00360200    6.11508500 
 C                  1.20816100    7.49308400    8.20747200 
 C                 -0.14748000    7.18961300    7.54362100 
 C                 -1.08006300    6.31333400    8.39423900 
 C                 -0.39198200    4.99063900    8.74223000 
 C                  0.96813000    5.15334100    9.44689900 
 H                 -0.64724700    8.14029500    7.32793500 
 H                 -1.36458200    6.85431400    9.30052700 
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 H                 -1.04231300    4.39280000    9.39141900 
 H                 -0.24180900    4.41631700    7.82118000 
 H                  0.03978900    6.68489600    6.58900100 
 C                  1.71547800    3.81103600    9.44780300 
 H                  2.66709700    3.88576700    9.97975300 
 H                  1.09458900    3.07398300    9.96703300 
 H                  1.90089300    3.44544500    8.43815700 
 C                  0.80039300    5.59660100   10.92060600 
 H                  0.39574000    4.75688600   11.49517800 
 H                  1.77025400    5.86559000   11.34947400 
 H                  0.11676000    6.43768600   11.04517000 
 C                  1.07023500    8.47918500    9.39302200 
 H                  2.01311700    8.54428500    9.94476600 
 H                  0.83762100    9.47285900    8.99687000 
 H                  0.27315000    8.21535900   10.08921900 
 C                  2.15504500    8.12325000    7.17852600 
 H                  1.71172800    9.06261200    6.83269100 
 H                  3.12945800    8.34922500    7.61979900 
 H                  2.28696800    7.45797700    6.32595100 
 N                  1.79375000    6.18404700    8.69988700 
 O                  3.04281800    6.18110700    8.97556900 
 N                 -2.33533500    6.04583700    7.70217400 
 H                 -2.34319100    5.31695800    7.00090600 
 C                 -4.62601900    6.49876600    6.97193500 
 H                 -4.50483900    5.56147500    6.41999100 
 H                 -5.50115700    6.41868300    7.62335300 
 H                 -4.82332100    7.30668400    6.25987100 
 C                 -3.42009000    6.87332900    7.82049300 
 O                 -3.42594000    7.84625700    8.56655500 
 H                 10.40698300    0.48470600    5.38106600 
 C                  1.14076900    2.10270400    5.86440300 
 O                  2.19599600    1.76864900    6.35179000 
 O                  0.67284100    3.32601300    5.73817600 
 C                  0.11701600    1.05514800    5.30888100 
 Cl                -0.31183500    1.46643100    3.61047600 
 Cl                 0.80476900   -0.58558100    5.37323800 
 Cl                -1.36774800    1.12602400    6.34341800 
 H                  3.79212500    3.89494500    7.13529000 
 
 
 
 
 
 
 
 
 
 
122 
 
 
TS13m-j 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.53580700    3.32387700    4.26888800 
 C                  6.00073500    4.31609700    5.34879800 
 C                  6.03138300    3.74320300    6.77434600 
 C                  6.41321200    2.07557100    4.09924500 
 H                  7.00168000    4.69530100    5.09233300 
 H                  5.32976900    5.18468400    5.31848900 
 H                  4.50474600    3.01211400    4.48723800 
 H                  5.48942900    3.85274600    3.30566800 
 H                  6.45644000    1.51744100    5.04364900 
 H                  7.44578700    2.38330500    3.87812300 
 H                  5.07603500    3.25104000    6.99662900 
 C                  5.90346100    1.14528600    2.99293800 
 H                  4.88331100    0.80533200    3.20753400 
 H                  5.88427700    1.65593700    2.02194900 
 H                  6.79115000    2.95321700    6.83210700 
 C                  6.34579900    4.77422400    7.87119600 
 H                  7.30455200    5.26321400    7.64526200 
 H                  6.49362000    4.24455400    8.82266600 
 C                  5.29307400    5.88443200    8.09189700 
 H                  5.68318200    6.57967900    8.84717200 
 H                  5.13993600    6.46127500    7.17471100 
 C                  3.94712400    5.33402900    8.57822200 
 H                  3.32510400    6.35512300    9.01780300 
 O                  3.07515000    4.88487600    7.72038400 
 H                  2.65903800    3.60986000    6.84283100 
 C                  1.13882800    7.11079800    6.91609900 
 C                  0.52713000    6.06019300    5.97218600 
 C                 -0.65165500    5.27267200    6.56638400 
 C                 -0.25811800    4.62814800    7.90357600 
 C                  0.34797400    5.58629200    8.94412700 
 H                  0.19580900    6.56986100    5.06017500 
 H                 -1.51975800    5.92517900    6.69197900 
 H                 -1.13796200    4.15022600    8.34949400 
 H                  0.47006300    3.83669300    7.70505200 
 H                  1.31093400    5.35378700    5.68206600 
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 C                  1.03106600    4.76607000   10.04934000 
 H                  1.46386500    5.41140400   10.81779500 
 H                  0.27555200    4.13140000   10.52344500 
 H                  1.80894500    4.12578800    9.63199700 
 C                 -0.72734400    6.48037200    9.60593700 
 H                 -1.34535800    5.85932400   10.26274000 
 H                 -0.25539000    7.25635100   10.21618900 
 H                 -1.39422000    6.95737300    8.88607100 
 C                  0.21527100    8.34075600    7.08922700 
 H                  0.58158000    8.98533200    7.89416200 
 H                  0.22509700    8.91870200    6.15925600 
 H                 -0.82339500    8.07713900    7.29505800 
 C                  2.47747600    7.59563100    6.34609700 
 H                  2.29587900    8.03440200    5.35972900 
 H                  2.93086200    8.35968800    6.98273000 
 H                  3.16576100    6.75764700    6.23946200 
 N                  1.38314200    6.46186300    8.26383100 
 O                  2.19066600    7.06824600    9.04723100 
 N                 -1.09089800    4.24007600    5.63729600 
 H                 -0.44874200    3.48273500    5.44097300 
 C                 -2.57888600    3.09828900    4.07640200 
 H                 -1.78903900    2.34130900    4.07723800 
 H                 -3.52644900    2.62960200    4.35797900 
 H                 -2.69815300    3.48699700    3.05977600 
 C                 -2.31206100    4.26274100    5.01948300 
 O                 -3.13493300    5.15334600    5.20272900 
 H                  6.53809400    0.25754000    2.89040400 
 C                  2.40456400    1.72340800    6.43410500 
 O                  2.97055400    1.24143400    7.38325600 
 O                  2.24805300    3.00681300    6.14076500 
 C                  1.74361800    0.86374100    5.33223800 
 F                  1.78082100   -0.42994700    5.64244600 
 F                  2.36641000    1.04590000    4.15235600 
 F                  0.44338600    1.22310600    5.16921200 
 H                  4.03498500    4.75648200    9.52307900 
 
TS13m-k 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
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 C                  5.91378600    1.98689900    3.57645000 
 C                  5.79089600    3.29889700    4.37219600 
 C                  5.53143000    3.10061800    5.87416500 
 C                  7.14624200    1.13735000    3.91671200 
 H                  6.71193600    3.88913100    4.24418300 
 H                  4.97546900    3.88680100    3.93401400 
 H                  5.00046900    1.39480700    3.71880800 
 H                  5.94591200    2.23578600    2.50695800 
 H                  7.11475600    0.82740600    4.97003900 
 H                  8.05300400    1.75087500    3.80618200 
 H                  4.58043400    2.56771700    6.01172800 
 C                  7.26523900   -0.11103200    3.03544400 
 H                  6.38555400   -0.75656400    3.14570800 
 H                  7.34360400    0.15954400    1.97514900 
 H                  6.30643500    2.44719700    6.29388800 
 C                  5.54621600    4.40325400    6.69105300 
 H                  6.43449100    4.99007100    6.42086100 
 H                  5.65084900    4.17292700    7.76043500 
 C                  4.31458800    5.33423200    6.51550900 
 H                  4.55247800    6.30469200    6.96885200 
 H                  4.10015700    5.50858300    5.45700300 
 C                  3.09523200    4.76670000    7.20739400 
 H                  2.30089800    5.84065300    7.56037800 
 O                  2.19137200    4.05097400    6.57348000 
 H                  2.24288200    4.02541600    5.51318000 
 C                 -0.02209300    6.62450700    5.79214300 
 C                 -0.77980800    5.65773600    4.86206600 
 C                 -1.86338200    4.80525600    5.53798200 
 C                 -1.28809900    4.06935700    6.76151800 
 C                 -0.62959800    4.99106900    7.80503200 
 H                 -1.23015800    6.24641700    4.05474800 
 H                 -2.71982600    5.41526900    5.83770000 
 H                 -2.09003800    3.50762000    7.25321300 
 H                 -0.54487400    3.34278500    6.41351000 
 H                 -0.05306400    4.98524600    4.39819200 
 C                  0.13258400    4.15274100    8.84309200 
 H                  0.60832500    4.78372500    9.59935300 
 H                 -0.58939600    3.50683500    9.35188500 
 H                  0.88058200    3.51626900    8.36973500 
 C                 -1.67165100    5.84776000    8.56602200 
 H                 -2.24300800    5.19058900    9.22915700 
 H                 -1.17390900    6.60401700    9.18140900 
 H                 -2.38567600    6.34326700    7.90784400 
 C                 -0.85472000    7.88253900    6.13838500 
 H                 -0.36377300    8.46726900    6.92273300 
 H                 -0.92976500    8.50797500    5.24286100 
 H                 -1.87040900    7.64703100    6.45844300 
 C                  1.26940300    7.08317700    5.09671200 
 H                  0.98946700    7.60095800    4.17439100 
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 H                  1.84127900    7.78054300    5.71461700 
 H                  1.89343700    6.23531700    4.80988800 
 N                  0.33444700    5.89073100    7.06519700 
 O                  1.28866600    6.42062000    7.76328500 
 N                 -2.38723500    3.85196600    4.57368100 
 H                 -1.70625300    3.29117100    4.06970600 
 C                 -4.09174900    2.56818200    3.39491700 
 H                 -3.22447600    2.11401700    2.90693400 
 H                 -4.67635400    1.78513600    3.88809400 
 H                 -4.73462600    3.02251900    2.63434400 
 C                 -3.72588900    3.62798600    4.42319200 
 O                 -4.58089200    4.23838600    5.06032400 
 H                  8.15016200   -0.70402300    3.29478800 
 H                  3.23972900    4.42575500    8.24153900 
 S                  1.64714200    2.63281400    3.51154900 
 O                  2.33308500    1.43016500    3.99437600 
 O                  2.21621600    3.92774300    4.08901400 
 O                  0.17113700    2.61564100    3.50850500 
 C                  2.12797900    2.83176200    1.72420800 
 F                  1.54636000    3.91959400    1.20465600 
 F                  1.73688700    1.75900800    1.03034400 
 F                  3.45658800    2.96044800    1.61032100 
 
TS13m-l 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.83524800    2.15237500    3.57012700 
 C                  5.76680000    3.44172200    4.40805500 
 C                  5.49102900    3.20658800    5.90149900 
 C                  7.06213500    1.26790000    3.83803600 
 H                  6.71117900    3.99670800    4.29693700 
 H                  4.98002600    4.08296900    3.99150300 
 H                  4.92283900    1.56479500    3.74253100 
 H                  5.83572600    2.42635200    2.50383700 
 H                  7.07666500    0.95688400    4.89072900 
 H                  7.97596500    1.85925800    3.68061200 
 H                  4.52659500    2.69299300    6.01556300 
 C                  7.10027000    0.02081000    2.94824000 
 H                  6.21439500   -0.60553200    3.10949500 
 H                  7.12474200    0.29234600    1.88521300 
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 H                  6.24825400    2.52251800    6.30577600 
 C                  5.51799100    4.48812000    6.75103300 
 H                  6.43729600    5.04762100    6.52641200 
 H                  5.58633600    4.21598000    7.81389800 
 C                  4.31824400    5.44653600    6.58192300 
 H                  4.56241100    6.38519100    7.09678100 
 H                  4.15511300    5.69826200    5.52826700 
 C                  3.02177900    4.86780500    7.17254900 
 H                  2.40493100    5.84474300    7.66914500 
 O                  2.09591000    4.34725100    6.40576200 
 H                  2.20579600    3.97256200    4.95273800 
 C                  0.01198300    6.65777800    5.84461400 
 C                 -0.68997400    5.69114700    4.87456300 
 C                 -1.78177100    4.81893600    5.51400200 
 C                 -1.20575400    4.04465100    6.70910300 
 C                 -0.56111700    4.92970000    7.78939300 
 H                 -1.12719300    6.28374700    4.06250800 
 H                 -2.63205500    5.43241800    5.82349100 
 H                 -2.00218600    3.45704000    7.17989100 
 H                 -0.45430100    3.33838500    6.34086800 
 H                  0.06025700    5.03423600    4.42468800 
 C                  0.23243600    4.05449700    8.77139100 
 H                  0.70958600    4.65823400    9.54781900 
 H                 -0.46760300    3.36774300    9.25782900 
 H                  0.98660600    3.46830300    8.24606800 
 C                 -1.61432100    5.72246900    8.59963900 
 H                 -2.17155000    5.02026500    9.22810200 
 H                 -1.12433900    6.45059100    9.25337700 
 H                 -2.33872000    6.24392000    7.97260000 
 C                 -0.88930600    7.86164000    6.21122200 
 H                 -0.44573600    8.43676400    7.02959000 
 H                 -0.96883400    8.51654500    5.33736700 
 H                 -1.90262300    7.57053800    6.49258400 
 C                  1.29353200    7.20280900    5.19969300 
 H                  1.02096300    7.72009700    4.27442200 
 H                  1.80045800    7.91636900    5.85416700 
 H                  1.97945700    6.39321100    4.94989900 
 N                  0.38158100    5.90845800    7.11094300 
 O                  1.22926900    6.48614600    7.86622000 
 N                 -2.32087000    3.89267200    4.53083600 
 H                 -1.67399300    3.21605900    4.13928300 
 C                 -4.00799000    2.85519500    3.11003500 
 H                 -4.43350700    3.35388100    2.23359900 
 H                 -3.16893400    2.22735100    2.79518700 
 H                 -4.79120600    2.21766500    3.53251100 
 C                 -3.62816200    3.91096400    4.13912500 
 O                 -4.45115200    4.71106900    4.57640300 
 H                  7.98451500   -0.59313200    3.15474600 
 H                  3.19556900    4.30961400    8.11592500 
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 S                  1.60692400    2.24198100    3.71587900 
 O                  2.32436400    1.24999600    4.51776600 
 O                  2.21674100    3.70573600    3.94516100 
 O                  0.13883400    2.28487000    3.81953600 
 C                  2.03914700    2.05120800    1.98434400 
 H                  3.12524200    2.07987500    1.88853200 
 H                  1.65089000    1.08159200    1.66604800 
 H                  1.57300800    2.85622700    1.41448700 
 
TS13n-a 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  5.33322400    1.11623300    3.93873100 
 C                  5.22476200    2.61720200    4.25437600 
 C                  5.54125900    2.97518100    5.71465600 
 C                  6.74472100    0.53018000    4.06687400 
 H                  5.90788200    3.17663200    3.59598800 
 H                  4.20671100    2.94047700    4.00880900 
 H                  4.64195800    0.56374600    4.58987100 
 H                  4.97140600    0.95443900    2.91522600 
 H                  7.12336300    0.58466400    5.09438400 
 H                  7.45536800    1.06566200    3.42388800 
 H                  4.88748900    2.39585900    6.38202200 
 H                  6.56770400    2.66799200    5.95501000 
 C                  5.42357700    4.47480900    6.03282000 
 H                  5.93910800    5.05032300    5.25180500 
 H                  5.94946500    4.70051300    6.96913100 
 C                  3.98314600    5.05614300    6.12321800 
 H                  4.06910300    6.14043700    6.25866200 
 H                  3.43449900    4.86791700    5.19490000 
 C                  3.18581900    4.48630500    7.29293100 
 H                  2.19209600    5.42119000    7.42639100 
 O                  2.54100900    3.33573600    7.12153300 
 H                  2.20855100    3.18661400    6.13982200 
 C                 -0.03465600    7.01342000    6.11710900 
 C                 -0.48867600    6.02439600    5.01900100 
 C                 -1.59229200    5.04300900    5.45151700 
 C                 -1.19597500    4.30196700    6.74087600 
 C                 -0.77488700    5.21760300    7.91493000 
 H                 -0.83477400    6.60400400    4.15510700 
 H                 -2.54725200    5.56038300    5.58020900 
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 H                 -2.03373800    3.67822800    7.07384500 
 H                 -0.36248200    3.63162600    6.50328500 
 H                  0.37519700    5.43437700    4.69178400 
 C                 -0.10377200    4.37995500    9.01115400 
 H                  0.22613100    4.99948700    9.85045800 
 H                 -0.84410900    3.66619200    9.38503900 
 H                  0.74317100    3.80760800    8.62722800 
 C                 -1.99091000    5.93912400    8.54464500 
 H                 -2.58032200    5.19737800    9.09248000 
 H                 -1.66714400    6.70821200    9.25297500 
 H                 -2.65307000    6.39481500    7.80885500 
 C                 -1.09002800    8.11655300    6.36926100 
 H                 -0.85156000    8.69176000    7.26945100 
 H                 -1.07792800    8.80051600    5.51462900 
 H                 -2.10581000    7.73126900    6.45624500 
 C                  1.26988700    7.70017300    5.69212000 
 H                  1.07294800    8.25105700    4.76761900 
 H                  1.62238200    8.40930400    6.44682400 
 H                  2.06399800    6.98172300    5.48300300 
 N                  0.20642100    6.23603200    7.38923800 
 O                  1.39652000    6.24717700    7.88811600 
 N                 -1.81837900    4.07652900    4.38959200 
 H                 -1.01695900    3.50756800    4.12334700 
 C                 -3.07523900    2.85859900    2.69405200 
 H                 -3.83946800    2.11984200    2.95553600 
 H                 -3.38567200    3.32818800    1.75524600 
 H                 -2.12007200    2.34803500    2.54110200 
 C                 -3.03013500    3.92180000    3.78142300 
 O                 -4.01995000    4.58660500    4.07976000 
 Cl                 1.44742700    2.98422000    4.45152400 
 C                  3.77117400    4.61823500    8.68554200 
 H                  6.76082400   -0.52510400    3.77039200 
 H                  4.60150600    3.90934300    8.79295900 
 H                  4.15060900    5.62862100    8.86107100 
 H                  3.02274200    4.37498300    9.44327900 
 
TS13n-b 
Solvent: Gas 
   
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  6.11002900    1.32811800    4.35483200 
 C                  5.68837800    2.78622300    4.60672800 
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 C                  6.09474700    3.32456800    5.98844100 
 C                  7.62423100    1.10075000    4.26773600 
 H                  6.12861300    3.42771000    3.82726200 
 H                  4.60013800    2.85018300    4.48380000 
 H                  5.68743600    0.69009400    5.14400000 
 H                  5.64609900    0.99280600    3.41819200 
 H                  8.13300600    1.34096700    5.20844300 
 H                  8.07162100    1.72219500    3.48135200 
 H                  5.63342300    2.70644700    6.77060500 
 H                  7.17989300    3.21898900    6.12021400 
 C                  5.75302900    4.80504600    6.22194700 
 H                  6.18885100    5.40455100    5.41065300 
 H                  6.23193400    5.15301600    7.14665600 
 C                  4.24137600    5.16757700    6.26076800 
 H                  4.14267100    6.25813800    6.29119100 
 H                  3.74573400    4.80699500    5.35585200 
 C                  3.52387400    4.58731700    7.47087100 
 H                  2.25424200    5.19867400    7.32117300 
 O                  3.26238800    3.27850500    7.48601400 
 H                  2.89249100    3.00446400    6.57404100 
 C                 -0.06200600    6.44013100    5.70527600 
 C                 -1.02593700    5.71701600    4.74369200 
 C                 -2.20070400    5.01728200    5.43952200 
 C                 -1.65550300    4.00448500    6.45241100 
 C                 -0.74419400    4.62211200    7.53120900 
 H                 -1.40382500    6.45216700    4.02411100 
 H                 -2.85574000    5.74606600    5.92440200 
 H                 -2.48499200    3.49581800    6.95667400 
 H                 -1.06881000    3.25108000    5.91335300 
 H                 -0.45052000    4.96452900    4.19210800 
 C                  0.01402300    3.49053100    8.24380700 
 H                  0.63369600    3.86761300    9.06123500 
 H                 -0.72190000    2.79977300    8.66833200 
 H                  0.63692400    2.94644000    7.53151900 
 C                 -1.55114700    5.42316800    8.58256500 
 H                 -2.16347800    4.72952900    9.16831100 
 H                 -0.87176500    5.94227200    9.26592800 
 H                 -2.22101500    6.15849700    8.13129400 
 C                 -0.66658800    7.76285300    6.23677600 
 H                 -0.01942100    8.19341000    7.00736400 
 H                 -0.74083700    8.47842600    5.41108300 
 H                 -1.66803600    7.63316100    6.65367500 
 C                  1.24274500    6.74949400    4.95620800 
 H                  0.99911800    7.33882400    4.06613000 
 H                  1.93306800    7.33437400    5.57005500 
 H                  1.71565300    5.81555500    4.64295200 
 N                  0.24022500    5.54135500    6.86972600 
 O                  1.28664600    5.85338600    7.57161500 
 N                 -3.05344700    4.35158500    4.46318000 
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 H                 -2.64929700    3.59712200    3.92446300 
 C                 -5.05617800    3.95340100    3.12071500 
 H                 -4.48260700    3.10227300    2.74037400 
 H                 -6.00684200    3.59227000    3.52368700 
 H                 -5.28955300    4.62364400    2.28702500 
 C                 -4.33781900    4.74706100    4.20267600 
 O                 -4.88144200    5.67528800    4.79106700 
 C                  3.87192600    5.11791000    8.84090500 
 Br                 1.64787200    3.06162200    4.88093000 
 H                  7.85201000    0.05453800    4.03265200 
 H                  3.16359200    4.74634400    9.58573900 
 H                  4.87343200    4.76774900    9.12444600 
 H                  3.87470500    6.21129600    8.85206000 
 
TS13n-c 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  5.59393700    1.97675800    3.77486000 
 C                  5.62728200    3.29228800    4.57142500 
 C                  5.60358300    3.11403400    6.09776200 
 C                  6.78582300    1.04508400    4.02448200 
 H                  6.52842700    3.86388400    4.29894500 
 H                  4.76373500    3.89110100    4.25942700 
 H                  4.65259800    1.45644400    3.98322000 
 H                  5.56208700    2.23122000    2.70690800 
 H                  6.81106800    0.67273400    5.05533400 
 H                  7.73989500    1.55384100    3.83175400 
 H                  4.71808900    2.53227700    6.38822500 
 H                  6.46972700    2.51610000    6.40809100 
 C                  5.65544700    4.43800500    6.87904300 
 H                  6.44229200    5.07437400    6.45211100 
 H                  5.94983200    4.25356900    7.91941400 
 C                  4.35120300    5.28713800    6.86740900 
 H                  4.58191800    6.28974700    7.24592500 
 H                  3.99943400    5.40041900    5.83921500 
 C                  3.24530500    4.70477000    7.73637400 
 H                  2.30955300    5.69556000    7.74781600 
 O                  2.50577300    3.70004100    7.26726100 
 H                  2.47837600    3.60146400    6.25932700 
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 C                  0.19702200    6.46490400    5.67375800 
 C                 -0.55729900    5.48887000    4.74913300 
 C                 -1.74825300    4.74937200    5.37338200 
 C                 -1.34344100    4.09077400    6.70279500 
 C                 -0.73758800    5.06010000    7.73420000 
 H                 -0.89782600    6.05354300    3.87343800 
 H                 -2.59875900    5.41900900    5.52809500 
 H                 -2.22717100    3.62442800    7.15279700 
 H                 -0.61961400    3.29472400    6.49826400 
 H                  0.14985900    4.74024800    4.38433400 
 C                 -0.15017700    4.26310200    8.90554000 
 H                  0.26065600    4.92187300    9.67613400 
 H                 -0.96063700    3.68298600    9.35702100 
 H                  0.61759200    3.56884900    8.56124900 
 C                 -1.79048800    6.04449700    8.30297400 
 H                 -2.47937300    5.48241500    8.94148800 
 H                 -1.30953400    6.81569600    8.91336700 
 H                 -2.38752200    6.52804900    7.52892800 
 C                 -0.53041500    7.82321900    5.81958000 
 H                 -0.04636600    8.44208300    6.58183700 
 H                 -0.47470300    8.35244100    4.86276200 
 H                 -1.58592300    7.71328400    6.07323600 
 C                  1.58762300    6.71584600    5.07135800 
 H                  1.45146000    7.16380100    4.08233900 
 H                  2.18352400    7.40485900    5.67542000 
 H                  2.11915900    5.77336900    4.92998600 
 N                  0.35491800    5.84388600    7.04365900 
 O                  1.28572700    6.34717000    7.78344800 
 N                 -2.20980500    3.74081700    4.43162800 
 H                 -1.49871800    3.12995700    4.03999100 
 C                 -3.83560600    2.38239200    3.22565600 
 H                 -4.43368900    1.62454900    3.74188800 
 H                 -4.44506700    2.77377800    2.40525200 
 H                 -2.93919800    1.90957200    2.81383600 
 C                 -3.53523500    3.51538200    4.19567800 
 O                 -4.42837200    4.17901800    4.71684800 
 B                  1.48125800    2.21747000    4.49369800 
 F                  0.96800400    1.84626800    5.73295600 
 F                  2.27414000    1.25357100    3.92823500 
 F                  0.45442900    2.63555400    3.63529100 
 F                  2.32987100    3.41620900    4.75390000 
 C                  3.50977400    4.58291200    9.22436300 
 H                  6.73887500    0.16969400    3.36678500 
 H                  4.22077100    3.76520000    9.39736500 
 H                  3.93947200    5.50609300    9.62241600 
 H                  2.59253100    4.34459700    9.76565000 
 
 
 
132 
 
TS13n-d 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  6.04749500    0.99138300    5.41284800 
 C                  5.91539200    2.52184200    5.35858200 
 C                  5.98136800    3.20722100    6.73338900 
 C                  7.37959100    0.48060700    5.97459100 
 H                  6.71215300    2.93652100    4.72212700 
 H                  4.96705600    2.75966000    4.86553000 
 H                  5.21316800    0.58697000    6.00101800 
 H                  5.91398300    0.59913400    4.39640100 
 H                  7.52191500    0.76729200    7.02320800 
 H                  8.22921600    0.87819700    5.40425100 
 H                  5.29821100    2.70582100    7.43286500 
 H                  6.98544300    3.07909000    7.15763700 
 C                  5.67777000    4.71409400    6.69003000 
 H                  6.20956600    5.16344700    5.84073800 
 H                  6.07103800    5.20781000    7.58739600 
 C                  4.17652900    5.09876700    6.51721800 
 H                  4.11845800    6.16097500    6.25948000 
 H                  3.73608500    4.53210600    5.69359600 
 C                  3.36387000    4.87649800    7.77895400 
 H                  2.13612800    5.56633500    7.43625000 
 O                  2.98715900    3.63683100    8.09055600 
 H                  2.88921500    3.05975200    7.28553000 
 C                  0.08581900    6.78858000    5.51352300 
 C                 -0.74358100    5.90412500    4.55937800 
 C                 -2.00553400    5.28469600    5.17646400 
 C                 -1.65719800    4.51650300    6.45901900 
 C                 -0.89015100    5.33460400    7.51917800 
 H                 -1.02419200    6.51228800    3.69184700 
 H                 -2.76252600    6.04928900    5.37131100 
 H                 -2.57933700    4.14603000    6.92105600 
 H                 -1.05427500    3.64570600    6.19205700 
 H                 -0.10780100    5.09167700    4.19985700 
 C                 -0.28303900    4.37094700    8.55069300 
 H                  0.21966100    4.90481000    9.36127700 
 H                 -1.09970200    3.78695600    8.98639700 
 H                  0.41531400    3.67603700    8.08310500 
 C                 -1.82008400    6.32826300    8.25968700 
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 H                 -2.52750400    5.76078100    8.87326400 
 H                 -1.23882500    6.98012000    8.91984800 
 H                 -2.40164200    6.95109400    7.57679400 
 C                 -0.56633800    8.17794000    5.71949800 
 H                 -0.02938400    8.74541300    6.48649000 
 H                 -0.51476400    8.73681700    4.77904700 
 H                 -1.61786800    8.11167900    6.00631400 
 C                  1.48519900    6.98549200    4.91130500 
 H                  1.36759900    7.43122800    3.91869500 
 H                  2.09820300    7.66067600    5.51440400 
 H                  1.99518400    6.02812800    4.79249500 
 N                  0.20553600    6.10803000    6.84628100 
 O                  1.26921500    6.35884800    7.54534000 
 N                 -2.61974100    4.37837200    4.21606600 
 H                 -2.05843300    3.59419400    3.90628800 
 C                 -4.35483900    3.49344200    2.74467000 
 H                 -5.25291300    3.00929300    3.14085800 
 H                 -4.63800200    3.98945300    1.81113000 
 H                 -3.60333500    2.72799200    2.52876500 
 C                 -3.88933500    4.54816200    3.73754000 
 O                 -4.61068700    5.48055000    4.07816200 
 P                  1.49627900    2.32900400    4.98239800 
 F                  0.47663500    1.76493200    6.11553400 
 F                  1.64152600    0.88087800    4.31526100 
 F                  0.24138200    2.73535700    4.02053000 
 F                  2.55600600    2.97833800    3.93455100 
 F                  2.78004500    1.99877300    6.02367300 
 F                  1.40227400    3.82791600    5.72191800 
 C                  3.66882100    5.69926900    9.00734900 
 H                  4.61283200    5.35328400    9.44798500 
 H                  2.88321400    5.57358900    9.75649900 
 H                  3.76935200    6.75830900    8.75794600 
 H                  7.43188100   -0.61312200    5.92659100 
 
TS13n-f 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  4.84915400    3.52587600    2.98387300 
 C                  5.26157400    4.40951100    4.17400200 
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 C                  5.33874700    3.66747500    5.51676300 
 C                  5.86987800    2.44360100    2.61128200 
 H                  6.23738200    4.87336900    3.96068100 
 H                  4.54254800    5.23519800    4.25538500 
 H                  3.88036600    3.05854300    3.20400000 
 H                  4.68592300    4.17203100    2.11043200 
 H                  6.01008000    1.71591000    3.41850400 
 H                  6.85023800    2.88378700    2.38733900 
 H                  4.36589200    3.20431800    5.72437100 
 H                  6.06242400    2.84586900    5.43422200 
 C                  5.76568300    4.55228300    6.70066200 
 H                  6.67503300    5.10442800    6.42176300 
 H                  6.05555100    3.91399800    7.54515400 
 C                  4.72824700    5.59014900    7.18749700 
 H                  5.20790100    6.23679700    7.93378600 
 H                  4.42826100    6.23401400    6.35803500 
 C                  3.46355200    4.96884100    7.83394200 
 H                  2.87676000    5.97653200    8.24367800 
 O                  2.55142600    4.48571000    7.00723900 
 H                  1.98711900    3.12941500    6.94094600 
 C                  0.63012600    6.80122300    6.10039400 
 C                 -0.15858700    5.75928100    5.28815800 
 C                 -1.42592600    5.23701100    5.98194300 
 C                 -1.08056800    4.65553300    7.35734300 
 C                 -0.28410000    5.59182100    8.28528700 
 H                 -0.43576500    6.21497600    4.33087900 
 H                 -2.15906500    6.04273500    6.07273400 
 H                 -2.00337600    4.37401100    7.87768900 
 H                 -0.50680500    3.73349200    7.22258100 
 H                  0.50589100    4.91775900    5.06351200 
 C                  0.30843200    4.76813500    9.43347600 
 H                  0.89885400    5.38866200   10.11165100 
 H                 -0.51573400    4.32573600   10.00156200 
 H                  0.92559400    3.95885000    9.04534100 
 C                 -1.17858300    6.69584400    8.90061700 
 H                 -1.84694000    6.23229100    9.63329300 
 H                 -0.56654300    7.43958900    9.41928400 
 H                 -1.80351600    7.20363700    8.16508600 
 C                 -0.11300900    8.15667700    6.19352100 
 H                  0.38344000    8.81590900    6.91213200 
 H                 -0.07778600    8.63644800    5.21031700 
 H                 -1.16398900    8.06193200    6.46837500 
 C                  1.98465600    7.05115500    5.43160400 
 H                  1.80242000    7.45303600    4.42986300 
 H                  2.57671800    7.78142800    5.98935100 
 H                  2.53850300    6.11777600    5.34539200 
 N                  0.84742000    6.25747300    7.50840400 
 O                  1.73010700    6.83110300    8.21408000 
 N                 -2.08638500    4.22243600    5.17169500 
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 H                 -1.64101700    3.31560100    5.08650100 
 C                 -3.75098800    3.32102000    3.62843900 
 H                 -3.77901100    3.61672500    2.57498200 
 H                 -3.15942600    2.40586400    3.72636100 
 H                 -4.78113500    3.11609600    3.93583200 
 C                 -3.21914500    4.48578600    4.44950100 
 O                 -3.77621700    5.57874800    4.46442200 
 O                  1.60255000    2.65367200    4.73724600 
 N                  0.94789600    2.13257200    5.62885800 
 O                  1.39373900    2.25945500    6.90895200 
 O                 -0.09201900    1.50272400    5.50208100 
 C                  3.77563900    4.13808200    9.09119600 
 H                  5.54546900    1.88750700    1.72413600 
 H                  4.48633500    4.65918500    9.74123800 
 H                  2.87727600    3.91903600    9.67005300 
 H                  4.22287200    3.18065100    8.79826100 
 
TS13n-g 
Solvent: Gas 
  
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  7.40756100    1.85611500    4.03573600 
 C                  6.99767900    3.26120200    4.50843100 
 C                  7.04029100    3.45048200    6.03323000 
 C                  8.86308400    1.47830800    4.33514800 
 H                  7.65481700    4.01089000    4.04028000 
 H                  5.98469700    3.45603200    4.13847600 
 H                  6.72711100    1.11870400    4.48037800 
 H                  7.23783400    1.80118600    2.95271900 
 H                  9.06377300    1.42858800    5.41185800 
 H                  9.56095700    2.20680700    3.90160000 
 H                  6.42904800    2.67470600    6.51526500 
 H                  8.06546700    3.29326500    6.39288500 
 C                  6.59497700    4.84464600    6.50490700 
 H                  7.10563500    5.60939100    5.90378700 
 H                  6.91572100    5.01171000    7.54075100 
 C                  5.07314300    5.14886000    6.39664600 
 H                  4.91229400    6.20624800    6.63674200 
 H                  4.73708600    4.98510500    5.36996400 
 C                  4.23104600    4.30414900    7.34651100 
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 H                  3.03015400    4.95357900    7.31562800 
 O                  3.89128600    3.07374600    6.96987200 
 H                  3.78431500    2.96366400    5.94554900 
 C                  0.68506200    5.38372600    5.37676000 
 C                  0.22718800    4.27418500    4.40650300 
 C                 -0.72769600    3.22686000    4.99694300 
 C                 -0.12922900    2.63286300    6.28179900 
 C                  0.21618000    3.67559400    7.36261700 
 H                 -0.24653800    4.75491500    3.54299600 
 H                 -1.71502000    3.65288800    5.19586500 
 H                 -0.83155000    1.91038800    6.71232600 
 H                  0.78224900    2.08489100    6.01662500 
 H                  1.11643300    3.75190800    4.04290500 
 C                  1.03431000    3.01449100    8.47939300 
 H                  1.24384700    3.71423900    9.29341500 
 H                  0.44197800    2.19005100    8.88787400 
 H                  1.97319500    2.60723900    8.09899900 
 C                 -1.05527500    4.28972600    8.00167700 
 H                 -1.54504900    3.52138400    8.60855500 
 H                 -0.79086700    5.12635700    8.65632300 
 H                 -1.78147600    4.63521700    7.26504100 
 C                 -0.40203600    6.46567600    5.58681300 
 H                 -0.10688800    7.16277400    6.37783400 
 H                 -0.51448200    7.03161700    4.65623200 
 H                 -1.37801300    6.04526600    5.83485800 
 C                  1.93805000    6.05472000    4.79514800 
 H                  1.66955600    6.48168800    3.82393900 
 H                  2.30581800    6.86401700    5.43126400 
 H                  2.72653700    5.32028200    4.62227800 
 N                  1.02544800    4.76646600    6.71145500 
 O                  1.89478500    5.38528400    7.43676800 
 N                 -0.95000700    2.17562900    4.01837700 
 H                 -0.12033600    1.70598700    3.66371500 
 C                 -2.23399100    0.66146700    2.60675600 
 H                 -2.75216400    1.01334900    1.70895300 
 H                 -1.24213900    0.29380800    2.32806400 
 H                 -2.82138300   -0.16599600    3.01706700 
 C                 -2.19891300    1.79044300    3.62655000 
 O                 -3.22741100    2.31092900    4.05294900 
 S                  3.25634200    1.58104400    3.84470800 
 O                  3.97536800    0.51900700    4.55576400 
 O                  3.39929600    2.94335200    4.48627500 
 O                  4.06813400    1.86205600    2.42615200 
 O                  1.86121400    1.27842200    3.46800200 
 H                  4.07753700    1.01457700    1.94440500 
 C                  4.52320800    4.39962300    8.83054300 
 H                  9.10734400    0.49572000    3.91505000 
 H                  5.46509900    3.87930400    9.04558700 
 H                  4.62267400    5.44173000    9.14654800 
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 H                  3.73560100    3.91565700    9.41197700 
 
TS13n-h 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  6.29530600    5.54429100    3.40107100 
 C                  5.72696900    6.44799300    4.51260000 
 C                  6.34228600    6.18533700    5.89593800 
 C                  7.70253700    5.93470300    2.93226400 
 H                  5.88793200    7.49771400    4.22500300 
 H                  4.64050900    6.31060600    4.57747000 
 H                  6.32995100    4.49879600    3.75298800 
 H                  5.61751600    5.55929600    2.53734200 
 H                  8.42914500    5.90296800    3.75167600 
 H                  7.70539000    6.95252900    2.52382900 
 H                  5.98416700    5.21370600    6.26387000 
 H                  7.43240300    6.08864800    5.80121600 
 C                  6.06578000    7.27767700    6.94058500 
 H                  6.50018600    8.22264400    6.58321600 
 H                  6.60978100    7.03049400    7.86105800 
 C                  4.58658700    7.56028100    7.28538900 
 H                  4.56744800    8.36978300    8.02721400 
 H                  4.06146200    7.92999100    6.40231600 
 C                  3.80293300    6.34869400    7.85762300 
 H                  2.81258900    6.90337000    8.33852400 
 O                  3.22718800    5.54361100    6.98007300 
 H                  3.55339400    4.06466000    6.76869600 
 C                  0.39217300    6.74306400    6.24737200 
 C                  0.17863500    5.54159000    5.31127900 
 C                 -0.64539700    4.39675000    5.92145600 
 C                  0.01474200    3.91742800    7.21773600 
 C                  0.26545800    5.01350400    8.26516900 
 H                 -0.32221400    5.90105100    4.40536000 
 H                 -1.67109800    4.73187100    6.09904000 
 H                 -0.60525500    3.14199100    7.68262900 
 H                  0.96875000    3.44624200    6.96505200 
 H                  1.15699200    5.15018700    5.01103600 
 C                  1.22390600    4.47167300    9.33080400 
 H                  1.45392300    5.22510600   10.08806000 
 H                  0.74192900    3.62320600    9.82652900 
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 H                  2.14653900    4.11820300    8.87124000 
 C                 -1.03829200    5.45529000    8.97377700 
 H                 -1.37435400    4.63897100    9.62115900 
 H                 -0.85658100    6.33467300    9.59894300 
 H                 -1.85055300    5.67649500    8.28056400 
 C                 -0.91237700    7.54719400    6.47076200 
 H                 -0.77797300    8.28349500    7.26923200 
 H                 -1.14858800    8.08451800    5.54677000 
 H                 -1.77282100    6.92074000    6.70754700 
 C                  1.43286400    7.68857900    5.64153900 
 H                  1.04081500    8.06493200    4.69140300 
 H                  1.62750900    8.54371700    6.29406100 
 H                  2.36207600    7.15312800    5.45419300 
 N                  0.89133900    6.23135400    7.59464400 
 O                  1.40024600    7.08838100    8.37636400 
 N                 -0.74890400    3.28169000    4.99440000 
 H                  0.08104700    2.70005100    4.88634900 
 C                 -1.74326700    1.94180500    3.22048000 
 H                 -2.58010200    1.26663800    3.42676600 
 H                 -1.86266400    2.30225000    2.19388800 
 H                 -0.80487100    1.38535900    3.30037300 
 C                 -1.82384100    3.12876000    4.17053100 
 O                 -2.79961400    3.87676800    4.19271700 
 O                  3.60772400    3.50717700    4.04773900 
 O                  1.88990600    2.00094100    5.14887800 
 O                  4.36361500    1.24023400    5.06103500 
 O                  3.85048200    3.09949800    6.56885600 
 H                  3.91162000    0.48025200    4.65954700 
 P                  3.30406900    2.45069400    5.23691200 
 H                  4.50436100    3.88007800    4.09462500 
 C                  4.50584000    5.69395500    9.06079700 
 H                  8.06016300    5.25868400    2.14771100 
 H                  4.86779200    6.45248300    9.76339700 
 H                  3.84434500    5.01449800    9.59904400 
 H                  5.36743200    5.11074200    8.71496600 
 
 
 
 
 
 
 
 
 
 
 
 
TS13n-i 
139 
 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.56670600    3.85522300    3.88114300 
 C                  6.00912700    4.62369600    5.13881300 
 C                  6.07501400    3.76772500    6.41190500 
 C                  6.55053800    2.77571700    3.41443700 
 H                  6.99486000    5.07885400    4.95495400 
 H                  5.31325100    5.45864400    5.29361200 
 H                  4.58459400    3.39748600    4.06718900 
 H                  5.41693500    4.57527000    3.06479500 
 H                  6.67064200    1.98188700    4.15964500 
 H                  7.54257700    3.20357600    3.22104700 
 H                  5.10259000    3.29279500    6.58758900 
 H                  6.78700000    2.94629700    6.25921300 
 C                  6.51304000    4.53425800    7.67086800 
 H                  7.46086700    5.05196400    7.46153300 
 H                  6.73682300    3.81335700    8.46695900 
 C                  5.52560900    5.59263800    8.21248000 
 H                  6.02195400    6.13986000    9.02470900 
 H                  5.29960600    6.32484400    7.43461100 
 C                  4.19954600    5.01588800    8.77473000 
 H                  3.69371000    6.01550100    9.27398800 
 O                  3.26554300    4.69255200    7.88955200 
 H                  2.58395200    3.38814600    7.75240500 
 C                  1.57341500    7.16087200    7.13779300 
 C                  0.76616200    6.22811900    6.21808700 
 C                 -0.56527300    5.75862900    6.81919200 
 C                 -0.30953200    5.03368900    8.14499200 
 C                  0.50761200    5.83266800    9.17834800 
 H                  0.57678300    6.75650900    5.27687500 
 H                 -1.23725100    6.60894900    6.95851700 
 H                 -1.26610100    4.76788000    8.60983500 
 H                  0.21279500    4.09479700    7.93357100 
 H                  1.38456900    5.35278300    5.98632100 
 C                  1.00387600    4.87694100   10.26836000 
 H                  1.60721900    5.39764900   11.01551800 
 H                  0.13270700    4.44481600   10.77050900 
 H                  1.58264600    4.06330800    9.83379500 
 C                 -0.34195300    6.93277100    9.86234500 
 H                 -1.05322100    6.44869000   10.53900200 
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 H                  0.29589100    7.59532700   10.45463300 
 H                 -0.92044700    7.53436100    9.15982800 
 C                  0.89541200    8.54128200    7.31776600 
 H                  1.40902500    9.11715800    8.09360000 
 H                  0.97764400    9.09119100    6.37492800 
 H                 -0.16422000    8.48274800    7.56703300 
 C                  2.96161300    7.39885900    6.53777600 
 H                  2.83681400    7.90903200    5.57733800 
 H                  3.57169700    8.03443400    7.18450700 
 H                  3.46965300    6.45025500    6.37481800 
 N                  1.70738200    6.49183800    8.50176700 
 O                  2.58581200    6.95770200    9.28434600 
 N                 -1.27478200    4.87900000    5.90024500 
 H                 -0.87729400    3.96709300    5.71615700 
 C                 -3.04753400    4.18868400    4.36481200 
 H                 -4.05979800    3.95773700    4.71047300 
 H                 -3.13604200    4.61138600    3.35922300 
 H                 -2.46954000    3.26089000    4.31162400 
 C                 -2.44527100    5.23883700    5.28595600 
 O                 -2.97820800    6.32875600    5.46152100 
 C                  4.41991800    4.03323600    9.93843100 
 C                  2.60862700    1.43635000    7.51209900 
 O                  3.77216700    1.24137900    7.77516600 
 O                  1.96208100    2.57874600    7.51536200 
 C                  1.64801300    0.26034200    7.11314800 
 Cl                 0.89879000    0.62364700    5.50704600 
 Cl                 2.53984700   -1.27535000    7.01345100 
 Cl                 0.35175600    0.12880600    8.36367400 
 H                  6.20564800    2.30469100    2.48670300 
 H                  4.72187400    3.05911900    9.53791100 
 H                  3.51199700    3.88256100   10.52504200 
 H                  5.20421000    4.39396500   10.61230000 
 
TS13n-j 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z   
0 1 
 C                  5.35578600    3.30290400    4.13580100 
 C                  5.65324500    4.39561700    5.17838800 
 C                  6.05576400    3.86348600    6.56156000 
141 
 
 C                  6.56496800    2.44500100    3.74438200 
 H                  6.45061400    5.05251500    4.79698300 
 H                  4.75898500    5.02246300    5.28215700 
 H                  4.54859200    2.65780100    4.50783500 
 H                  4.96101600    3.78735000    3.23215300 
 H                  6.95132400    1.86752100    4.59165500 
 H                  7.38604900    3.06671400    3.36474500 
 H                  5.24618200    3.23058500    6.94948900 
 H                  6.92869800    3.20516600    6.45984600 
 C                  6.41576000    4.94666800    7.59254600 
 H                  7.24697400    5.54891400    7.19786600 
 H                  6.80470300    4.45817900    8.49518700 
 C                  5.29362000    5.93106100    7.99657900 
 H                  5.71238400    6.63869000    8.72437700 
 H                  4.98582700    6.51688000    7.12850700 
 C                  4.04621500    5.25606800    8.62251800 
 H                  3.40885700    6.22967900    9.08525700 
 O                  3.13836600    4.79047800    7.79283700 
 H                  2.73664800    3.50585200    7.01908700 
 C                  1.18871000    7.05448700    6.98129200 
 C                  0.55423200    6.03040300    6.02369900 
 C                 -0.67663400    5.30887800    6.58893500 
 C                 -0.32399900    4.63314500    7.91967500 
 C                  0.31570500    5.54574600    8.98089100 
 H                  0.28004400    6.55060500    5.09880500 
 H                 -1.50751600    6.00815400    6.71431900 
 H                 -1.22465500    4.18578600    8.35545000 
 H                  0.37192100    3.81340400    7.71840500 
 H                  1.31205600    5.28240000    5.76569900 
 C                  0.92401600    4.66830200   10.08003000 
 H                  1.43483400    5.27184800   10.83396700 
 H                  0.11305900    4.12177800   10.57161000 
 H                  1.61638300    3.94249900    9.65413700 
 C                 -0.71911100    6.48917500    9.64070100 
 H                 -1.37627400    5.89350500   10.28238600 
 H                 -0.21361300    7.23081000   10.26642800 
 H                 -1.35221000    7.00885700    8.92088100 
 C                  0.30187000    8.31053800    7.16525200 
 H                  0.68509600    8.93333900    7.97930900 
 H                  0.33729600    8.89804600    6.24220600 
 H                 -0.74603800    8.08091900    7.36056900 
 C                  2.53500900    7.51081000    6.41280400 
 H                  2.35495500    8.01367700    5.45740700 
 H                  3.03527400    8.21503800    7.08221000 
 H                  3.17917500    6.65054300    6.24272100 
 N                  1.40930800    6.38529200    8.33160500 
 O                  2.21343100    6.96633900    9.12754100 
 N                 -1.16510400    4.31236200    5.64552100 
 H                 -0.56795200    3.51995800    5.44594900 
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 C                 -2.72124400    3.24694400    4.09758600 
 H                 -2.78826700    3.63902600    3.07725800 
 H                 -1.98715800    2.43586300    4.11820400 
 H                 -3.70582600    2.84844000    4.35834900 
 C                 -2.39330500    4.39164700    5.04530600 
 O                 -3.17277600    5.31696300    5.24406500 
 C                  4.38428600    4.40128900    9.85840800 
 C                  2.00458800    1.70872400    6.84826100 
 O                  2.01734200    1.38426000    8.01184300 
 O                  2.39987500    2.84999300    6.31265900 
 C                  1.44622300    0.78707300    5.73961400 
 F                  1.10071400   -0.40333800    6.22683700 
 F                  2.34108200    0.61025200    4.75415300 
 F                  0.33569700    1.35444700    5.19041200 
 H                  6.29909700    1.73016200    2.95713500 
 H                  4.81494500    3.44579500    9.53674800 
 H                  5.11514300    4.90991900   10.49620200 
 H                  3.50189200    4.17662400   10.45703700 
 
TS13n-k 
Solvent: Gas 
 
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.71922700    1.75863600    3.64421900 
 C                  5.64419700    3.17992400    4.22824600 
 C                  5.84301300    3.24780600    5.75066300 
 C                  7.08060100    1.07250100    3.80453200 
 H                  6.40395100    3.81399200    3.74487800 
 H                  4.66871300    3.60217900    3.96116400 
 H                  4.93081300    1.14419800    4.09718300 
 H                  5.47028600    1.81667100    2.57746900 
 H                  7.33584600    0.89996000    4.85669300 
 H                  7.88515300    1.67524900    3.36286300 
 H                  5.12341100    2.57977700    6.24476500 
 H                  6.83772000    2.86079600    6.00626800 
 C                  5.73643800    4.66668100    6.33381700 
 H                  6.34745900    5.35190400    5.73055700 
 H                  6.16378400    4.69183200    7.34386200 
 C                  4.30840000    5.28119600    6.37904600 
 H                  4.39245000    6.32954400    6.68797300 
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 H                  3.86654500    5.26365500    5.37974300 
 C                  3.38303300    4.56315000    7.35417900 
 H                  2.36079400    5.46718800    7.48529100 
 O                  2.74040600    3.47328800    6.93857500 
 H                  2.52638100    3.47218400    5.93178000 
 C                  0.03224900    6.60220700    5.83590000 
 C                 -0.79696100    5.73010500    4.86947400 
 C                 -1.92631000    4.91314600    5.51450300 
 C                 -1.37799700    4.08183300    6.68388500 
 C                 -0.66189800    4.90777900    7.76888900 
 H                 -1.21705300    6.38680800    4.09921400 
 H                 -2.74000300    5.56221000    5.85025000 
 H                 -2.19916800    3.53229300    7.15761000 
 H                 -0.67779100    3.34043300    6.28215900 
 H                 -0.11779100    5.03474000    4.36862800 
 C                  0.07152600    3.96737400    8.73465000 
 H                  0.53328300    4.51736400    9.55942400 
 H                 -0.66457500    3.27806600    9.15954300 
 H                  0.83314300    3.37901200    8.21858400 
 C                 -1.65400800    5.76515700    8.59516300 
 H                 -2.25802800    5.09596200    9.21624700 
 H                 -1.11276400    6.45001700    9.25581800 
 H                 -2.34054500    6.34311300    7.97503100 
 C                 -0.70699700    7.90256200    6.23354100 
 H                 -0.15663900    8.43693700    7.01478200 
 H                 -0.77081300    8.55158000    5.35396200 
 H                 -1.72464300    7.72054800    6.58285200 
 C                  1.35192900    6.97690400    5.14595500 
 H                  1.10861400    7.53270600    4.23508800 
 H                  1.97980500    7.61438400    5.77375100 
 H                  1.90049900    6.08183900    4.84711600 
 N                  0.33129100    5.81117100    7.08567700 
 O                  1.38930500    6.14516200    7.74650300 
 N                 -2.52000000    4.03641600    4.51924600 
 H                 -1.89732000    3.36368900    4.08072600 
 C                 -4.29052900    3.07078900    3.15090700 
 H                 -5.07256100    2.43526900    3.57827800 
 H                 -4.73589500    3.61279000    2.31067200 
 H                 -3.47841900    2.43856400    2.78025000 
 C                 -3.84774300    4.07627600    4.20345700 
 O                 -4.63690800    4.86216900    4.72224700 
 S                  1.40985600    2.42934400    3.79374300 
 O                  2.10991300    1.17541400    4.08788000 
 O                  2.00265300    3.63795300    4.49854100 
 O                 -0.06727800    2.41045200    3.84516500 
 C                  1.79587900    2.83930700    2.01956000 
 C                  3.80967300    4.46875300    8.80431800 
 F                  3.11956100    2.96592500    1.83927300 
 F                  1.34575300    1.87224200    1.21466200 
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 F                  1.20999500    3.99553000    1.67395000 
 H                  4.62734400    3.74204900    8.89201500 
 H                  2.98475300    4.11834800    9.42818000 
 H                  4.16355800    5.43483400    9.17454700 
 H                  7.08674600    0.09649900    3.30597500 
 
TS13n-l 
Solvent: Gas 
  
Coordinates (from last standard orientation): 
ATOM X Y Z  
0 1 
 C                  5.67046500    2.46055100    3.12228800 
 C                  5.58515100    3.73588200    3.97996000 
 C                  5.55782400    3.47117000    5.49332100 
 C                  7.00804100    1.71587400    3.21996100 
 H                  6.44158900    4.38624800    3.74314500 
 H                  4.68313600    4.28995300    3.69331600 
 H                  4.85458100    1.78319000    3.40725800 
 H                  5.50056800    2.73478300    2.07077100 
 H                  7.20012200    1.35163900    4.23523600 
 H                  7.84486100    2.36687900    2.93610300 
 H                  4.67442400    2.86541200    5.73749700 
 H                  6.42922100    2.86219000    5.76729500 
 C                  5.59068400    4.74878300    6.35075200 
 H                  6.35333100    5.42697300    5.94172700 
 H                  5.93321100    4.50018700    7.36209300 
 C                  4.27405400    5.55290200    6.45601300 
 H                  4.50845000    6.50016400    6.96006600 
 H                  3.91459200    5.81398100    5.45635000 
 C                  3.12457700    4.85990300    7.23906400 
 H                  2.47705300    5.79051900    7.69559500 
 O                  2.18425400    4.22149800    6.54990700 
 H                  2.18491500    3.92868600    5.18968400 
 C                  0.01449100    6.62565300    5.87647300 
 C                 -0.70396800    5.67222000    4.90593700 
 C                 -1.82202400    4.82431800    5.53063200 
 C                 -1.27639200    4.05108200    6.73811600 
 C                 -0.63363600    4.92835500    7.82423200 
 H                 -1.11671500    6.27412700    4.08786000 
 H                 -2.67031500    5.45171700    5.81720800 
 H                 -2.08783200    3.47928900    7.20300100 
 H                 -0.53279500    3.32938100    6.38431600 
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 H                  0.03698800    4.99711900    4.46885100 
 C                  0.09929600    4.03656500    8.83012900 
 H                  0.57543500    4.62773500    9.61663800 
 H                 -0.63702700    3.37594100    9.29872300 
 H                  0.84572600    3.42882100    8.32079700 
 C                 -1.68058900    5.76539300    8.59988600 
 H                 -2.26129300    5.08690800    9.23284700 
 H                 -1.18492200    6.49487600    9.24779200 
 H                 -2.38545800    6.28878700    7.95313900 
 C                 -0.85359400    7.85627600    6.23588500 
 H                 -0.39630800    8.42480600    7.05132600 
 H                 -0.91054500    8.50591500    5.35663200 
 H                 -1.87559800    7.59666100    6.51410400 
 C                  1.31018100    7.13040200    5.23172500 
 H                  1.04754800    7.68768300    4.32714500 
 H                  1.86127000    7.79844900    5.89793400 
 H                  1.94876300    6.29722400    4.94232100 
 N                  0.35678700    5.88116500    7.16350500 
 O                  1.20264500    6.44201900    7.91410200 
 N                 -2.35075500    3.89365600    4.54593600 
 H                 -1.71186700    3.18078000    4.20715400 
 C                 -4.00241800    2.90208900    3.05286700 
 H                 -4.33742700    3.39615400    2.13540400 
 H                 -3.18303000    2.21724900    2.81447300 
 H                 -4.84905700    2.32486500    3.43781600 
 C                 -3.62992800    3.96620800    4.07580500 
 O                 -4.43436500    4.81883800    4.44291900 
 S                  1.55263200    2.23357900    3.85488300 
 O                  2.38633100    1.22415500    4.51148200 
 O                  2.10299700    3.69878100    4.13276500 
 O                  0.09708100    2.18230300    4.09301400 
 C                  1.81961400    2.16657700    2.07972100 
 H                  2.88757100    2.26422700    1.88152500 
 H                  1.45372700    1.19613700    1.73807200 
 H                  1.25865300    2.97448900    1.60760600 
 C                  3.59408900    4.14313600    8.51948400 
 H                  7.02322300    0.84531700    2.55397200 
 H                  2.75122700    3.87198100    9.15486000 
 H                  4.27329100    4.77964900    9.09674700 
 H                  4.12364600    3.22175600    8.25269000 
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Appendix V: Amidation Experimental Details 
 
 
 
General Procedure 
N-Benzylbenzamide (22a)  
 
 To a 10-mL capacity glass microwave tube equipped with a stir bar was added 
ethyl benzoate (0.75 g, 5 mmol, 1 equiv.), benzylamine (0.80 g, 7.5 mmol, 1.5 
equiv.), and lithium hydroxide (0.009 g, 0.375 mmol, 0.075 equiv.). The tube 
was sealed with a septum and placed into the microwave cavity. The reaction 
mixture was heating to 200 °C using an initial microwave power of 200 W and 
setting a pressure cut-off of 250 psi for safety purposes. Once at temperature, the contents of the 
tube were maintained at 200 °C for 30 min. After completion of the heating time, the reaction 
vessel was cooled to 50 °C before removing from the microwave unit. Product conversion was 
then determined by 1H NMR. To isolate the product, the contents of the tube were triturated with 
hexanes, filtered through a fritted funnel, and washed with more hexanes. The solid precipitate 
was dissolved in EtOAc and filtered through a pad of Celite. The ethyl acetate was removed in 
vacuo by rotary evaporation to afford the pure amide product, N-benzyl benzamide as a white solid 
(0.823 g, 78%).132,134,258–261 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.81 (d, J=7.79 Hz, 2 H), 7.46 (t, J=1.00 Hz, 1 H), 7.35 (t, 
J=7.59 Hz, 2 H), 7.26 - 7.32 (m, 5 H), 4.56 (d, J=5.84 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) δ ppm 167.7, 138.6, 134.5, 131.5, 128.7, 128.6, 127.8, 127.5, 127.2, 
44.0. 
 
N-(4-Fluorobenzyl) benzamide (22b) (0.915 g, 80%) was prepared from 
4-fluorobenzylamine and ethyl benzoate using the typical procedure. The 
crude compound was filtered through a silica plug with a gradient of 9:1 
Hex: EtOAc then 1:1 Hex: EtOAc basified with 10% triethylamine as the 
eluent to afford the product as a brown solid.260 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.74 - 7.82 (m, 2 H), 7.49 (tt, J=1.00 Hz, 1 H), 7.35 - 7.44 (m, 
2 H), 7.26 - 7.33 (m, 2 H), 6.99 (tt, J=1.00 Hz, 2 H), 6.77 (br. s., 1 H), 4.56 (d, J=5.76 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) δ ppm 167.7, 161.2 - 163.7 (d, JC-F=1.00 Hz), 134.5, 134.4 (d, JC-C-
C-C-F=8.09 Hz), 131.9, 129.7 (d, JC-C-C-F=8.09 Hz), 128.8, 127.2, 115.6 – 116.0 (d, JC-C-F=1.00 Hz), 
43.6. 
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N-(4-Methoxybenzyl)-benzoylamide (22c) (0.974 g, 81%) was 
prepared from 4-methoxybenzylamine and ethyl benzoate using the 
typical procedure. The crude compound was filtered through a silica 
plug with a gradient of 9:1 Hex: EtOAc then 1:1 Hex: EtOAc basified 
with 10% triethylamine as the eluent to afford the product as a white 
solid.260 
  
1H NMR (400 MHz, CDCl3) δ ppm 7.79 (q, J=1.00 Hz, 1 H), 7.49 (t, J=1.00 Hz, 1 H), 7.40 (t, 
J=1.00 Hz, 2 H), 7.27 (d, J=8.27 Hz, 2 H), 6.87 (d, J=8.42 Hz, 2 H), 6.75 (br. s., 1 H), 4.56 (d, 
J=5.21 Hz, 2 H), 3.79 (s, 3 H).  
 13C NMR (100 MHz, CDCl3) δ ppm 167.6, 159.2, 134.6, 131.6, 130.5, 129.4, 128.7, 127.2, 114.3, 
55.4, 43.7. 
 
N-Octylbenzamide (22d) (0.949 g, 81%) was prepared from n-octylamine and 
ethyl benzoate using the typical procedure. The crude compound was filtered 
through a silica plug with a gradient of 95:5 Hex: EtOAc then 1:1 Hex: EtOAc 
basified with 1% triethylamine as the eluent to afford the product as a white 
solid.262 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.69 - 7.82 (m, 2 H), 7.31 - 7.51 (m, 3 H), 6.34 (br. s., 1 H), 
3.36 - 3.48 (m, 2 H), 1.52 - 1.66 (m, 2 H), 1.14 - 1.43 (m, 10 H), 0.79 - 0.94 (m, 3 H). 
13C NMR (100 MHz, CDCl3) δ ppm 167.8, 135.0, 131.3, 128.5, 127.1, 40.3, 31.9, 29.8, 29.5, 29.4, 
27.2, 22.8, 14.2. 
 
2-Benzoyl-1,2,3,4-tetrahydroisoquinoline (22e) (0.693 g, 58%) was 
prepared was prepared from 1,2,3,4-tetrahydroisoquinoline and ethyl benzoate 
using the typical procedure. The crude product was triturated with a 3:1 hex: 
EtOAc mixture, filtered through a fritted funnel, and washed with more 
hexanes. The solid precipitate was dissolved in EtOAc and filtered through a 
pad of Celite. The ethyl acetate was removed in vacuo by rotary evaporation to afford the pure 
amide product to afford 2-benzoyl-1,2,3,4-tetrahydro-isoquinoline as a white solid.258 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.84 (d, J=5.50 Hz, 2 H), 7.02 - 7.45 (m, 7 H), 4.34 (br. s., 2 
H), 3.44 (br. s., 2 H), 3.05 (br. s., 2 H).  
13C NMR (100 MHz, CDCl3) δ ppm 173.9, 136.3, 132.6, 130.9, 129.9, 129.5, 129.2, 128.0, 127.6, 
127.0, 44.8, 41.5, 26.2. 
 
N-Benzoylpyrrolidine (22f) (0.607 g, 70%) was prepared from pyrrolidine and 
ethyl benzoate using the typical procedure. The crude compound was filtered 
through a silica plug with a gradient of 9:1 Hex: EtOAc then 1:1 Hex: EtOAc 
basified with 10% triethylamine as the eluent to afford the product as a brown oil.258 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.38 - 7.44 (m, 2 H), 7.26 - 7.31 (m, 3 H), 3.51 (t, J=6.93 Hz, 
2 H), 3.28 (t, J=6.59 Hz, 2 H), 1.81 (q, J=1.00 Hz, 2 H), 1.72 (q, J=1.00 Hz, 2 H). 
13C NMR (100 MHz, CDCl3) δ ppm 137.2, 129.6, 128.1, 126.9, 49.4, 46.0, 26.3, 24.3. 
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Benzoylaminobenzene (22g) (0.067 g, 7%) was prepared from aniline and ethyl 
benzoate using the typical procedure. The crude compound was triturated with 
hexanes, filtered through a fritted funnel, and washed with more hexanes. The 
solid precipitate was dissolved in EtOAc and filtered through a pad of Celite. 
The solvent was removed in vacuo by rotary evaporation to afford the product as a white solid.262 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.84 - 7.92 (m, 2 H), 7.82 (br. s., 1 H), 7.65 (d, J=7.74 Hz, 2 
H), 7.45 - 7.60 (m, 3 H), 7.38 (t, J=7.90 Hz, 2 H), 7.11 - 7.20 (m, 1 H). 
13C NMR (100 MHz, CDCl3) δ ppm 166.1, 138.2, 135.3, 132.1, 129.4, 129.1, 127.3, 124.8, 120.5. 
 
N-Cyclohexylbenzamide (22h) (24% by 1H NMR) was prepared from 
cyclohexylamine and ethyl benzoate using the typical procedure. The crude 
compound was triturated with hexanes, filtered through a fritted funnel, and 
washed with more hexanes. The solid precipitate was dissolved in EtOAc and 
filtered through a pad of Celite. The solvent was removed in vacuo by rotary evaporation to afford 
the product as a tan solid.262 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.69 - 7.79 (m, 2 H), 7.33 - 7.52 (m, 3 H), 5.97 (br. s., 1 H), 
3.91 - 4.04 (m, 1 H), 1.99 - 2.09 (m, 2 H), 1.75 (dt, J=13.66, 3.73 Hz, 2 H), 1.65 (dt, J=12.94, 3.80 
Hz, 1 H), 1.36 - 1.50 (m, 2 H), 1.14 - 1.31 (m, 3 H).  
13C NMR (100 MHz, CDCl3) δ ppm 166.9, 135.3, 131.4, 128.7, 127.1, 48.9, 33.4, 25.8, 25.0 - 
25.3.  
 
N-Benzyl-4-bromobenzamide (22j) (0.906 g, 62%) was prepared 
from benzylamine and ethyl-4-bromobenzoate using the typical 
procedure. The crude compound was filtered through a silica plug with 
a gradient of 9:1 then 6:4 Hex: EtOAc as the eluent to afford the 
product as a white solid.260 
 
 1H NMR (400 MHz, CDCl3) δ ppm 7.65 (d, J=8.08 Hz, 2 H), 7.53 (d, J=8.08 Hz, 2 H), 7.29 - 
7.40 (m, 5 H), 6.59 (br. s., 1 H), 4.60 (d, J=5.35 Hz, 2 H).  
13C NMR (100 MHz, CDCl3) δ ppm 166.7, 138.2, 133.5, 132.1, 129.1, 128.9, 128.2, 128.0, 44.5. 
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N-benzyl-4-(trifluoromethyl) benzamide (22k) (1.082 g, 78%) was 
prepared from was prepared from benzylamine and ethyl-4-
trifluoromethylbenzoate using the typical procedure. The crude 
compound was triturated with hexanes, filtered through a fritted 
funnel, and washed with more hexanes. The solid precipitate was 
dissolved in EtOAc and filtered through a pad of Celite. The solvent was removed in vacuo by 
rotary evaporation to afford the product as a white solid.260 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.88 (d, J=8.08 Hz, 2 H), 7.66 (d, J=8.17 Hz, 2 H), 7.29 - 7.38 
(m, 5 H), 6.64 (br. s., 1 H), 4.63 (d, J=5.69 Hz, 2 H).  
 13C NMR (100 MHz, CDCl3) δ ppm 166.4, 138.0, 137.9, 133.6 (d, JC-C-F=1.00 Hz), 129.2, 128.2, 
128.1, 127.7, 125.9 (q, J=3.70 Hz), 44.6.  
 
N-Benzylhexanamide (22l) (0.593 g, 58%) was prepared from 
benzylamine and ethyl hexanoate using the typical procedure. The 
crude compound was filtered through a silica plug with a gradient of 
9:1 Hex: EtOAc then 1:1 Hex: EtOAc basified with 1% triethylamine 
as the eluent to afford the product as a white solid.261 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.28 - 7.35 (m, 2 H), 7.26 - 7.28 (m, 1 H), 7.24 (br. s., 1 H), 
6.11 (br. s., 1 H), 4.40 (d, J=5.74 Hz, 2 H), 2.18 (t, J=7.61 Hz, 2 H), 1.64 (quin, J=7.32 Hz, 2 H), 
1.23 - 1.37 (m, 4 H), 0.89 (t, J=6.69 Hz, 3 H). 
13C NMR (100 MHz, CDCl3) δ ppm 173.3, 138.7, 128.8, 128.0, 127.6, 43.7, 36.9, 31.7, 25.7, 22.6, 
14.1. 
 
N-(2-(benzylamino)-2-oxoethyl)benzamide (22o) (0.450 g, 76%) 
was prepared from the benzyl ester of benzoyl glycine and 
benzylamine using the typical procedure, but with modified 
conditions of 90 °C with 50 W for 30 min. The crude compound 
was triturated with chilled hexanes, filtered through a fritted funnel, 
and washed with more chilled hexanes. The solid precipitate was dissolved in DCM and filtered 
through a pad of Celite. The solvent was removed in vacuo by rotary evaporation to afford the 
product as a white solid.137 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.75 (d, J=7.30 Hz, 2 H), 7.48 (t, J=7.37 Hz, 2 H), 7.38 (t, 
J=7.61 Hz, 3 H), 7.20 - 7.31 (m, 5 H), 4.43 (d, J=5.69 Hz, 2 H), 4.17 (d, J=5.06 Hz, 2 H).  
13C NMR (100 MHz, CDCl3) δ ppm 169.3, 168.2, 138.1, 133.6, 132.1, 128.9, 128.8, 128.0, 127.8, 
127.4, 44.1, 43.9. 
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5-Hydroxy-N-(phenylmethyl)pentanamide (22o) (5.404 g, 87%) 
was prepared from was prepared from benzylamine and δ-
valerolactone using the typical procedure. The crude compound 
was triturated with hexanes, filtered through a fritted funnel, and 
washed with more hexanes. The solid precipitate was dissolved in 
EtOAc and filtered through a pad of Celite. The solvent was removed in vacuo by rotary 
evaporation to afford the product as a white solid.137 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.21 - 7.37 (m, 5 H), 6.02 (br. s., 1 H), 4.42 (d, J=5.70 Hz, 2 
H), 3.62 (t, J=6.14 Hz, 2 H), 2.25 (t, J=7.20 Hz, 2 H), 1.69 - 1.81 (m, 2 H), 1.52 - 1.64 (m, 2 H).  
13C NMR (100 MHz, CDCl3) δ ppm 173.3, 138.6, 129.0, 128.1, 127.8, 62.3, 43.9, 36.3, 32.3, 22.0.  
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Appendix VI: Organoselenium Experimental Details 
Naphtho[1,8-de][1,3,2]dithiaselenine 2-oxide (25a) 
 
Procedure: 
A solution of disulfide (0.381 g, 2 mmol, 1 equiv.) in dry THF (0.4 mL, 5 M) was added to an ice 
cold suspension of NaBH4 (0.113 g, 3 mmol, 1.5 equiv.) in EtOH (0.63 mL, 4.8 M) at 0 °C, and 
stirred for 1 h. The mixture was quenched with 2 M HCl (10 mL). The aqueous phase was extracted 
with DCM (3 × 10 mL). The combined organic layers were washed with water (3 × 10 mL) and 
dried over Na2SO4. The solvent was removed in vacuo to give a white crystalline solid. The flask 
containing the white solid was sealed, quickly flame dried, and purged with N2. Et2O (66.6 mL, 
0.03 M) was added to this flask, followed by pyridine (0.18 mL, 2.3 mmol, 1.15 equiv.). The 
mixture was added dropwise via cannula over roughly 15 min to a solution of freshly distilled 
SeOCl2 (0.21 mL, 2.9 mmol, 1.45 equiv.) in Et2O (26.4 mL, 0.11 M) at -78 °C and was stirred for 
10 min then removed from the ice bath and stirred for 4 h whilst warming to room temperature. 
The reaction was quenched with 10% H2SO4 (35.0 mL), extracted with Et2O (3 × 10 mL) and 
washed with brine (3 × 10 mL). The organic fractions were combined, dried over Na2SO4, 
concentrated in vacuo and purified by column chromatography (Hex) to afford firstly disulfide 
(Rf: 0.61), then 1 (Rf: 0.52) as a yellow crystalline solid (0.151 g, 36%). Mp 69-72 ºC. 
 
1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J = 1.1, 8.1 Hz, 2H), 7.82 (dd, J = 1.1, 7.3 Hz, 2H), 7.42 
(t, J = 7.7 Hz, 2H). 
13C NMR (100 MHz, CDCl3) δ ppm 136.3, 131.4, 130.6, 129.5, 128.3, 124.8. 
77Se NMR (76 MHz, CDCl3, referenced to Ph2Se at 414 ppm) δ ppm 605.7 
HRMS (ESI+), calcd for C10H6S2SeO [MH]+, calc. 286.9104, obs. 286.9130 
IR (cm-1) νCH-stretch, w: 3065-2842, νw: 1539, νm: 1492, νw: 1321, νs: 1197, νw: 975, νw: 911, νvs: 
817, νvs: 753, νw: 582, νw: 481, νm: 407 
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6,7-Dihydroacenaphtho[5,6-de][1,3,2]dithiaselenine 2-oxide (25d) 
 
A solution of dithiol (0.173 g, 0.8 mmol, 1 equiv.) was dissolved in Et2O (2.67 mL, 0.03 M) was 
added to an addition funnel, followed by pyridine (71.6 μL, 0.92 mmol, 1.15 equiv.). The mixture 
was added dropwise over ca. 10 min to a solution of freshly distilled SeOCl2 (79.2 μL, 1.16 mmol, 
1.45 equiv.) in Et2O (10.5 mL, 0.11 M) at -78 °C and was stirred for 10 min then removed from 
the ice bath and stirred for 4 h whilst warming to room temperature. The reaction was quenched 
with 10% H2SO4 (4 mL), extracted with Et2O (3 × 10 mL) and washed with brine (3 × 10 mL). 
The organic fractions were combined, dried over Na2SO4, concentrated in vacuo and purified by 
column chromatography (Hex) to afford firstly disulfide (Rf: 0.38), then 2 (Rf: 0.26) as a yellow 
solid (which appears to turn tan, though no change in NMR is observed) (0.11 g, 44%).  
 
1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 7.3 Hz, 2H), 7.30 (d, J = 7.3 Hz, 2H), 3.47 – 3.39 (m, 
4H). 
13C NMR (100 MHz, CDCl3) δ 148.8, 131.2, 126.3, 126.3, 125.2, 119.2, 30.6. 
77Se NMR (76 MHz, CDCl3, referenced to Ph2Se2 at 459 ppm) δ 633.9 
 
N-benzylphthalimide (26) 
 
(This can be performed open to the air) In a round bottom flask, phthalic anhydride (111.075 g, 
0.75 mol, 1 equiv.), benzylamine (124.52 g, 1.14 mol, 1.52 equiv.), and glacial acetic acid (520 
mL, 1.44 M) were stirred together for 1 hour. The hot reaction mixture was then poured onto ice 
water (1.5 L) with stirring. Once the ice melted, the precipitate was collected via vacuum filtration 
and recrystallized from ethanol to afford 26 as a white crystalline solid (150.597 g, 85%).263 
 
1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 5.5, 3.1 Hz, 1H), 7.73 – 7.65 (m, 1H), 7.51 – 7.41 
(m, 1H), 7.31 (t, J = 7.2 Hz, 1H), 7.29 – 7.19 (m, 1H), 4.85 (s, 1H). 
13C NMR (101 MHz, CDCl3) δ 168.1, 136.5, 134.1, 132.3, 128.8, 128.7, 127.9, 123.4, 41.7.
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N-Benzylisoindole (27) 
 
A round bottom 2 necked flask equipped with an addition funnel was flame dried and placed under 
an inert atmosphere. Anhydrous THF (238.1 mL, 1.26 M in LiAlH4) was added and cooled to 0 
°C, then LiAlH4 (11.385 g, 0.3 mol, 3 equiv.) was added to the round bottom flask. To the addition 
funnel was added methanol (22.3 mL, 0.55 mol, 5.5 equiv.) and THF (176.28 mL, 3.12 M in 
MeOH). This solution was slowly added to the round bottom flask over a period of about 45 min. 
After the addition, the solution was stirred for 15 min, then was cooled to -40 °C (dry ice / 
acetonitrile). N-benzylphthalimide (23.726 g, 0.1 mol, 1 equiv.) was added to the solution 
portionwise over 15 min. The solution was stirred at -40 °C for 30 min, then warmed to 0 °C for 
30 min. A solution of sodium sulfate (1.421 g, 0.01 mol, 0.1 equiv.) in water (14.3 mL, 0.7 M in 
sodium sulfate) was added. The solution was allowed to warm to room temperature. The 
precipitate was collected by filtration and rinsed with acetone. The solid was recrystallized in 
ethanol to afford 27 as a white solid (10.805 g, 52%).264 
 
1H NMR (400 MHz, CDCl3) δ 7.59 – 7.50 (m, 2H), 7.41 – 7.30 (m, 3H), 7.22 – 7.09 (m, 4H), 7.00 
– 6.86 (m, 2H), 5.37 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 137.4, 128.9, 128.1, 127.4, 124.7, 120.9, 119.7, 111.4, 55.0. 
 
7-Benzyl-2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene (28) 
 
To a flame dried 3 necked round bottom flask equipped with an addition funnel was added 
magnesium turnings (2.066 g, 85 mmol, 1.7 equiv.) and THF (26.6 mL, 3.2 M in Mg), then 1,2-
dibromoethane (0.52 mL, 6 mmol, 0.12 equiv.) was added. A solution of 27 (10.364 g, 50 mmol, 
1 equiv.) in THF (92.6 mL, 0.54 M in 27) was added to the flask, and the solution was heated to 
reflux. To the addition funnel a solution of o-fluorobromobenzene (FBB) (6.0 mL, 55 mmol, 1.1 
equiv.) in THF (27.5 mL, 2 M in FBB) was added. Once the reaction was at reflux, about a quarter 
of the FBB solution was added all at once to the flask. This starts a spontaneous reflux and the 
round bottom flask was removed from heating. Reflux was maintained with dropwise addition of 
the FBB solution. Once the FBB solution was completely added, the flask was returned to heating 
and was refluxed for 1.5 h. The reaction was cooled to room temperature and a solution of 
ammonium chloride (37.444 g, 700 mmol, 14 equiv.) in water (127.3 mL, 5.5 M in NH4Cl) was 
added. The solution was stirred until the remaining magnesium decomposed. The solution was 
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transferred to a separatory funnel and the organic layer was separated. The aqueous layer was 
extracted with Et2O (2 x 100 mL). The organic layers were combined, dried over sodium sulfate, 
and the solvent was removed in vacuo. A 1:1 hexane : acetone solvent system was added to the 
resulting solid, which was then filtered and dried in air to afford 28 as an off-white powder (9.547 
g, 67%).264 
 
1H NMR (400 MHz, CDCl3) δ 7.38 – 7.28 (m, 9H), 7.03 (br s, 4H), 4.99 (s, 2H), 3.56 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 138.4, 129.4, 128.5, 127.3, 125.7 (br s), 70.8, 53.9. 
 
2,3:5,6-Dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene hydrobromide (29) 
 
 (This can be performed open to the air) To a solution of a 9:1 mixture of dioxane and water (300 
mL dioxane, 33.3 mL water, 0.3 M in total) was added 28 (28.337 g, 100 mmol, 1 equiv.). A 
separate solution of n-bromosuccinimide (17.798 g, 100 mmol, 1 equiv.) in a 9:1 mixture of 
dioxane and water (60 mL dioxane, 6.7 mL water, 1.5 M in total) was prepared, then was added to 
the solution of 28. This solution was stirred for 1-2 days (over a weekend was convenient). The 
solvent was removed in vacuo, then the resulting solid was stirred in acetone and filtered to remove 
NBS and afford 29 as a white solid (17.982 g, 66%). This solid was used without further 
purification, but could be recrystallized in ethanol.264 
 
1H NMR (400 MHz, Deuterium Oxide) δ 7.64 – 7.57 (m, 4H), 7.27 – 7.20 (m, 4H), 6.24 (s, 2H). 
13C NMR (101 MHz, Deuterium Oxide) δ 141.4, 128.2, 122.7, 65.9. 
 
2,3:5,6-Dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene (30) 
 
 (This can be performed open to the air) The HBr salt 29 was stirred in excess aqueous sodium 
hydroxide (164 mL of a 2 M NaOH solution) for about 20 minutes. The solid was filtered, and 
was rinsed with water, then hexane to help remove impurities. The solid was dried in air to 
afford 30 as a white solid (11.814 g, 93%), and used without further purification.264 
 
1H NMR (400 MHz, CDCl3) δ 7.42 – 7.27 (m, 4H), 7.02 – 6.92 (m, 4H), 5.31 (s, 2H), 3.87 (s, 
2H). 
13C NMR (101 MHz, CDCl3) δ 149.0, 125.9, 121.2, 66.6. 
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7-Nitroso-2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene (31) 
 
To a solution of glacial acetic acid (23.8 mL, 0.4 M) and water (9.5 mL, 1M) was added 30 (1.844 
g, 9.5 mmol, 1 equiv.). This solution was cooled to 0 °C, then an aqueous solution of sodium nitrite 
(1.311 g, 19 mmol, 2 equiv. in enough water to dissolve the solid) was added slowly while 
maintaining 0 °C. The solution was stirred for 1 h, then the resulting solid was filtered, washed 
with water, then hexane and dried to afford 31 as a yellow solid (1.7947 g, 85%).264 
 
1H NMR (400 MHz, CDCl3) δ 7.41 (dd, J = 35.0, 7.0 Hz, 4H), 7.12 – 7.02 (m, 4H), 6.84 (s, 1H), 
6.70 (s, 1H). 
13C NMR (101 MHz, CDCl3) δ 145.8, 144.7, 126.9, 122.1, 121.2, 68.5, 63.4 
 
2-(2,4-Dinitrophenoxy)-1H-isoindole-1,3(2H)-dione (33) 
 
To a flame dried flask was added N-hydroxyphthalimide (16.31 g, 100 mmol, 1 equiv.) in acetone 
(333 mL, 0.3 M). Triethylamine (15.3 mL, 110 mmol, 1.1 equiv.) was added, turning the solution 
dark red, and the solution was stirred for about 10 min until the solution was homogenous. Next, 
2,4-dinitrochlorobenzene (20.252 g, 100 mmol, 1 equiv.) was added, forming a bright yellow 
precipitate. The solution was stirred for 2 h, then was poured into 333 mL of ice water. Once the 
ice melted, the precipitate was filtered and washed with methanol (3 x 65 mL). The solid was 
compressed and washed with hexanes (3 x 65 mL) and dried to afford 33 as a pale yellow solid 
(28.334 g, 86%).171 
 
1H NMR (400 MHz, CDCl3) δ 8.97 (d, J = 2.7 Hz, 1H), 8.43 (dd, J = 9.2, 2.7 Hz, 1H), 8.06 – 7.96 
(m, 2H), 7.94 – 7.85 (m, 2H), 7.46 (d, J = 9.3 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 162.2, 156.6, 143.4, 136.0, 129.6, 128.8, 124.9, 122.8, 115.9. 
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O-(2,4-Dinitrophenyl)hydroxylamine (34) 
 
To a flame dried flask, was added 33 (26.338 g, 80 mmol, 1 equiv.) in DCM (533.3 mL, 0.15 M). 
The solution was cooled to 0 °C, then a solution of hydrazine hydrate (11.3 mL, 232 mmol, 2.9 
equiv.) in methanol (78.6 mL, 2.95 M) was added all at once. The solution formed an almost solid 
bright yellow precipitate. This was allowed to stand at 0 °C for 8 hr. Next, 1 M HCl (533.3 mL, 
0.15 M) was added and the solution was shaken rapidly, maintaining 0 °C. The solution was rapidly 
filtered using a Buchner funnel. The precipitate was washed with acetonitrile (3 x 50 mL). The 
filtrate was transferred to a separatory funnel, and the layers were separated. The aqueous layer 
was extracted with DCM (2 x 100 mL). The organic layers were combined, dried over sodium 
sulfate, and the solvent removed in vacuo to afford 34 as an orange solid (13.509 g, 85%). This 
was used without further purification, but could be stirred in hexane to remove impurities.171 
 
1H NMR (400 MHz, CDCl3) δ 8.83 (d, J = 2.8 Hz, 0H), 8.45 (dd, J = 9.4, 2.7 Hz, 0H), 8.07 (d, J 
= 9.4 Hz, 0H), 6.40 (s, 1H). 
13C NMR (101 MHz, CDCl3) δ 159.78, 129.53, 122.14, 116.51. (Missing two carbons due to 
concentration of sample). 
 
7-Amino-2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene (32) 
 
 (This can be performed open to air) Amine 30 (0.966 g, 5 mmol, 1 equiv.) and potassium carbonate 
(1.935 g, 14 mmol, 2.8 equiv.) were stirred together in Et2O (29.4 mL, 0.17 M), and H2O (20 mL, 
0.25 mL). Aminating reagent 34 (1.244 g, 6.25 mmol, 1.25 equiv.) was added all at once and the 
solution was allowed to stir for 30 min. DCM (10 mL), and H2O (10 mL) were added. The solution 
was transferred to a separatory funnel and the layers separated. The aqueous layer was extracted 
with DCM (2 x 10 mL), then the combined organic layers were extracted with 0.5 M HCl (3 x 15 
mL). (Note: The organic layer from this step should only contain undesired byproducts, and should 
not be included in further steps) The combined aqueous extractions were cooled to 0 °C. Potassium 
hydroxide was added with stirring until a white precipitate formed (pH ~14). This was then 
extracted with DCM (2 x 10 mL). The organic layers were dried over sodium sulfate, and the 
solvent removed in vacuo. The resulting solid was dissolved in a minimum amount of DCM (~1 
mL), and hexanes (~10-15 mL) was added. This mixture was cooled to -20 °C, and the precipitate 
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was collected by filtration. The precipitate was dried in air to afford 32 as a tan solid (0.131 g, 
13%). This was used without further purification.170 
 
1H NMR (400 MHz, CDCl3) δ 7.43 (dd, J = 5.2, 3.0 Hz, 2H), 7.30 (dd, J = 5.3, 3.1 Hz, 2H), 7.09 
(dd, J = 5.2, 3.0 Hz, 2H), 7.02 (dd, J = 5.3, 3.1 Hz, 2H), 5.03 (s, 2H), 3.40 (br s, 2H). 
13C NMR (101 MHz, CDCl3) δ 146.2, 145.1, 126.7, 126.1, 124.9, 121.1, 76.4. 
 
(9s,10s)-11-seleninylidenehydrazine-9,10-dihydro-9,10-epiminoanthracene (32a) 
 
To a flame dried flask, hydrazine 32 (0.104 g, 0.5 mmol, 1 equiv.) was dissolved in dry Et2O (16.7 
mL, 0.03 M). To this, trimethylamine (0.14 mL, 1 mmol, 2 equiv.) was added and the solution 
cooled to 0 °C. In a separate flame dried flask, a solution of SeOCl2 (34 μL, 0.5 mmol, 1 equiv.) 
in dry Et2O (5 mL, 0.1 M) was prepared. Once the solution of hydrazine was cool, the solution of 
SeOCl2 was added dropwise over ~5 min. The addition resulted in the formation of an orange 
precipitate. The solution was allowed to stir for 3 hours while slowly warming to room 
temperature. At this time, the precipitate was filtered and washed with Et2O (~50 mL in total). The 
solvent from the filtrate was removed in vacuo to afford a mixture of anthracene (93%) and amine 
32a (4%).169 
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Appendix VII: Organofluorine Experimental Details 
Light set-up265,266 
The purchased LED strip was cut into smaller 39.4-inch strips. This smaller strip was wound 
around the inside of a 500 mL beaker, which was wrapped in aluminum foil. Duct tape was used 
to ensure the foil stayed in place. This set-up was placed onto a stir plate and the reaction vessel 
would be placed in the center of the beaker. During the reaction time, a commercially available 
desk fan would be used to cool the reaction. The ambient temperature of the reaction in this set up 
was measured to be 33 ℃.  
 
 
 
Radical Trifluoromethylation of Indoles 
 
 
General Procedure 
The desired indole (0.3 mmol, 1 eqiuv.) was mixed with sodium trifluoromethylsulfinate (0.6 
mmol, 2 eqiuv.), 2-tert-butyl anthraquinone (0.06 mmol, 0.2 eqiuv.), ammonium carbonate (0.18 
mmol, 0.6 eqiuv.), hexafluoroisopropyl alcohol (0.075 mmol, 0.25 eqiuv.), and acetonitrile (3 mL, 
0.1 M) in a quartz tube and irradiated at 255 nm for 24 hours. The reaction was quenched with 
water and extracted with DCM or EtOAc (3 x 30 mL). The combined organic layers were dried 
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over sodium sulfate, and the solvent removed in vacuo. The desired product was then isolated 
using preparative TLC with the appropriate solvent system. 
 
1-Methyl-2-phenyl-3-(trifluoromethyl)-1H-indole (36a) (38 mg, 46%) 
was prepared from 1-methyl-2-phenyl-1H-indole and was isolated as a 
yellow solid using 95:5 Hex:EtOAc.267 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.88 – 7.78 (dd, 1H), 7.55 – 7.47 (m, 
3H), 7.45 – 7.37 (m, 3H), 7.34 (m, 1H), 7.27 (td, J = 7.5, 7.0, 1.2 Hz, 1H), 3.54 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ ppm 140.9 (q, J = 4.0 Hz), 136.5, 130.6 (q, J = 1.2 Hz), 130.3, 
129.5, 128.5, 124.9 (q, J = 267.2 Hz), 124.6 (q, J = 1.8 Hz), 123.1, 121.7, 120.0 (q, J = 1.5 Hz), 
110.1, 104.2 (q, J = 35.2 Hz), 30.9. 
19F NMR (376 MHz, CDCl3) δ ppm -53.39. 
 
2-Phenyl-3-(trifluoromethyl)-1H-indole (36b) (37 mg, 47%) was prepared 
from 2-phenyl-1H-indole and was isolated as a white solid using 95:5 
Hex:EtOAc.268  
 
1H NMR (400 MHz, CDCl3) δ ppm 8.30 (br s, 1H), 7.82 (d, J = 7.6 Hz, 1H), 
7.59 (m, 2H), 7.45 (m, 3H), 7.37 (d, J = 7.2 Hz, 1H), 7.32-7.23 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ ppm 138.7 (q, J = 4.6 Hz), 135.1, 131.2, 130.1, 129.5, 129.3, 129.2 
(q, J = 1.5 Hz), 128.8, 127.6, 127.5, 125.8 (q, J = 1.9 Hz), 123.6, 121.9, 120.2 (q, J = 1.6 Hz), 
111.3, 103.7 (q, J = 35.8 Hz). 
19F NMR (376 MHz, CDCl3) δ ppm -53.45. 
 
2-(3-Methoxyphenyl)-3-(trifluoromethyl)-1H-indole (36c) (26 mg, 
30%) was prepared from 2-[3-methoxyphenyl]-1H-indole and was 
isolated as a white solid using 85:15 Hex:EtOAc. 
 
1H NMR (400 MHz, CDCl3) δ ppm 8.34 (br s, 1H), 7.83 (d, J = 7.8 Hz, 
1H), 7.44 – 7.37 (m, 2H), 7.30 – 7.23 (td, J = 7.2, 1.4 Hz, 1H), 7.27 (m, 1H), k7.18 (d, J = 7.6 Hz, 
1H), 7.14 (m, 1H), 7.01 (ddd, J = 8.4, 2.6, 1.0 Hz, 1H), 3.86 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ ppm 159.8, 138.6 (q, J = 4.1 Hz), 135.0, 132.5, 130.0, 126.2, 125.8 
(q, J = 1.7 Hz), 123.7, 121.9, 121.5 (d, J = 1.5 Hz), 120.3 (q, J = 1.8 Hz), 115.3, 114.8 (q, J = 1.6 
Hz), 111.3, 103.8 (d, J = 35.8 Hz), 55.6. 
19F NMR (376 MHz, CDCl3) δ ppm -53.47. 
HRMS (ESI+), calcd for C16H12F3NO [MH
+], calc. 292.0938, obs. 292.0910.
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1,2-Dimethyl-3-(trifluoromethyl)-1H-indole (36d) (10 mg, 16%) was prepared 
from 1,2-dimethyl-1H-indole and was isolated as a yellow solid using 85:15 
Hex:EtOAc.269 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.73 – 7.68 (m, 1H), 7.30 (d, J = 8.1 Hz, 1H), 
7.23 (td, J = 8.1, 1.4 Hz, 1H), 7.18 (td, J = 7.6, 1.2 Hz, 1H), 3.69 (s, 3H), 2.53 (q, J = 1.4 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ ppm 137.4 (q, J = 3.8 Hz), 136.3, 127.0, 124.6 (q, J = 1.7 Hz), 
124.4, 122.2, 121.2, 119.3 (q, J = 1.6 Hz), 109.4, 102.8 (q, J = 35.7 Hz), 29.7, 11.1 (q, J = 1.5 Hz). 
19F NMR (376 MHz, CDCl3) δ ppm -54.36. 
 
Methyl 1-methyl-3-(trifluoromethyl)-1H-indole-2-carboxylate (36e) (23 
mg, 30%) was prepared from Methyl 1-methyl-1H-indole-2-carboxylate and 
was isolated as a white solid using 95:5 Hex:EtOAc. 
 
1H NMR (400 MHz, CDCl3) δ ppm 9.48 (s, 1H), 7.92 (d, J = 8.4 Hz, 1H), 
7.46 (d, J = 8.5 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 7.2 Hz, 1H), 4.02 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ ppm 161.0, 134.7, 126.4, 125.6 (q, J = 3.8 Hz), 125.3, 125.1 (d, J 
= 1.8 Hz), 122.9, 122.6, 122.1 (q, J = 3.1 Hz), 112.3, 110.4 (q, J = 37.6 Hz), 53.0. 
19F NMR (376 MHz, CDCl3) δ ppm -54.61. 
HRMS (ESI+), calcd for C11H8F3NO2 [MNa
+], calc. 266.094, obs. 266.0448.  
 
1-Methoxymethyl-2-phenyl-3-(trifluoromethyl)-1H-indole (36f) (35 mg, 
38%) was prepared from 1-methoxymethyl-2-phenyl-1H-indole and was 
isolated as a white solid using 9:1 Hex:EtOAc. 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.82 (dq, J = 7.8, 1.1 Hz, 1H), 7.56 (d, 
J = 8.2 Hz, 1H), 7.51-7.45 (m, 5H), 7.36 (m, 1H), 7.30 (m, 1H), 5.25 (s, 2H), 
3.18 (s, 3H).  
13C NMR (100 MHz, CDCl3) δ ppm 141.0 (q, J = 4.0 Hz), 136.3, 131.8, 130.9, 129.8, 129.7, 
128.9, 128.4, 126.0, 124.6 (q, J = 268.0 Hz), 123.8, 123.3, 122.4, 121.6, 120.1 (q, J = 1.7 Hz), 
110.9, 105.8 (q, J = 35.2 Hz), 74.7, 56.2. 
19F NMR (376 MHz, CDCl3) δ ppm -54.06. 
HRMS (ESI+), calcd for C17H14F3NO [MH
+], calc. 306.1095, obs. 306.1090. 
 
2-Trifluoromethyl-3-formylindole (36i) (1.9 mg, 3%) was prepared from 3-
formylindole and was isolated as a white solid using 95:5 DCM:MeOH.270 
 
1H NMR (400 MHz, DMSO-d6) δ ppm 13.42 (s, 1H), 10.24 (s, 1H), 8.26 (d, J 
= 7.9 Hz, 1H), 7.61 (d, J = 8.3 Hz, 1H), 7.44 (td, J = 7.1, 0.9 Hz, 1H), 7.37 (td, 
J = 7.7, 0.7 Hz, 1H). 
13C NMR (100 MHz, DMSO-d6) δ ppm 184.2 (q, J = 1.4 Hz), 135.3, 130.8 (q, J = 39.2 Hz), 125.8, 
124.3, 123.8, 122.1, 122.0, 115.4 (q, J = 1.8 Hz), 113.2. 
19F NMR (376 MHz, DMSO-d6) δ ppm -55.26. 
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[2-Trifluoromethyl-(1H)-indol-3-yl]-methanol (36k) (16 mg, 25%) was 
prepared from indole-1-carbinol and was isolated as a white solid using 8:2 
Hex:EtOAc.271 
1H NMR (400 MHz, CDCl3) δ ppm 8.61 (s, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.39 
(m, 1H), 7.34 (dd, J = 6.9, 0.8 Hz, 1H), 7.22 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 4.99 
(d, J = 1.0 Hz, 4H). 
13C NMR (100 MHz, CDCl3) δ ppm 135.4, 126.9, 125.4, 122.9 (q, J = 37.5 Hz), 121.8 (q, J = 
269.1 Hz), 121.4, 120.7, 117.1 (q, J = 2.7 Hz), 112.0, 55.0 (d, J = 1.0 Hz). 
19F NMR (376 MHz, CDCl3) δ ppm -58.66. 
 
1-Methyl-2-trifluoromethylbenzimidazole (36n) (4 mg, 7%) was prepared 
from 1-methylbenzimidazole and was isolated as a white solid using 8:2 
Hex:EtOAc.272  
 
1H NMR (400 MHz, CDCl3) δ ppm 7.89 (d, J = 7.8 Hz, 1H), 7.47 – 7.44 (m, 2H), 7.39 (m, 1H), 
3.96 (s, 3H). 
19F NMR (376 MHz, CDCl3) δ ppm -63.23. 
 
1-Methyl-4-(trifluoromethyl)-1H-benzo[d]imidazole (36o) (11 mg, 19%) was 
prepared from 1-methylbenzimidazole and was isolated as a white solid using 99:1 
DCM:MeOH.272,273 
 
1H NMR (400 MHz, CDCl3) δ ppm 7.98 (s, 1H), 7.59 (d, J = 8.3 Hz, 2H), 7.38 (t, J 
= 7.9 Hz, 1H), 3.89 (s, 3H). 
19F NMR (376 MHz, CDCl3) δ ppm -61.56. 
 
1-Methyl-5-(trifluoromethyl)-1H-benzo[d]imidazole (36p) (4 mg, 6%), 
isolated as a mixture with 2s, was prepared from 1-methylbenzimidazole and 
was isolated as a white solid using 99:1 DCM:MeOH.273 
 
1H NMR (400 MHz, CDCl3) δ ppm 8.09 (s, 1H), 7.99 (s, 1H), 7.58 (dd, J = 8.8, 1.6 Hz, 1H), 7.48 
(d, J = 8.5 Hz, 1H), 3.90 (s, 3H). 
19F NMR (376 MHz, CDCl3) δ ppm -61.28. 
 
1-Methyl-6-(trifluoromethyl)-1H-benzo[d]imidazole (36q) (4 mg, 6%), 
isolated as a mixture with 2r, was prepared from 1-methylbenzimidazole and 
was isolated as a white solid using 99:1 DCM:MeOH.273 
 
1H NMR (400 MHz, CDCl3) δ ppm 8.02 (s, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.70 (s, 1H), 7.55 (dd, 
J = 8.8, 1.6 Hz, 1H), 3.91 (s, 3H). 
19F NMR (376 MHz, CDCl3) δ ppm -61.35.
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1-Methyl-7-(trifluoromethyl)-1H-benzo[d]imidazole (36r) (2 mg, 3%) was 
prepared from 1-methylbenzimidazole and was isolated as a white solid using 99:1 
DCM:MeOH.272,273 
 
1H NMR (400 MHz, CDCl3) δ ppm 8.00 (d, J = 8.4 Hz, 1H), 7.91 (s, 1H), 7.64 (d, J = 7.6 Hz, 
1H), 7.34 (t, J = 7.9 Hz, 1H), 3.98 (q, J = 1.9 Hz, 3H). 
19F NMR (376 MHz, CDCl3) δ ppm -55.65. 
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